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A b stra c t
This thesis presents the investigation of an electrodeless argon magnetoplasma 
discharge (Basil-II) as a new ion laser source. The plasma is generated by an 
m =l helicon wave, which is excited by a double loop rf antenna.
The optical properties of the discharge have been measured to pursue the pos­
sibility of making a new ion laser based on the discharge. Both the spontaneous 
emission and the optical gain of the Ar+ 488nm transition are systematically 
measured as functions of longitudinal magnetic field (0.05-0.15T), argon filling 
pressure (0.3-1.5Pa), rf power (l-5kW), radio frequency (7-14MHz) and tube di­
ameter (30-65mm). The plasma parameters are studied to aid in the understand­
ing of the discharge behaviour. A central electron density ~  102Om~3 is found to 
be typical of this discharge, with a bulk electron temperature in the range of 3 - 
5eV.
The main results of this study have led to the invention of a new Ar+ laser, 
based on this discharge, which has a measured output power of 0.5W at the 488nm 
transition with an efficiency of 10-4. The mechanism for population inversion 
is studied, and the Landau damping of an m =l helicon wave is found to be 
responsible. During this study a beam-like electron distribution tail is observed 
for the first time in a laboratory plasma without electron beam injection.
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C h ap ter 1
In trod u ction
This thesis presents an experimental investigation of an electrodeless argon dis­
charge operating as a new ion laser source. Some theoretical efforts are also made 
to explain the population inversion mechanism of this discharge.
The initial purpose of this study is to pursue the possibility of applying a 
very efficient discharge, which is generated by an m =l helicon wave excited by an 
external double-loop rf antenna, to the ion laser field. Once this was successfully 
accomplished, attention was turned to the population inversion mechanism.
The plasma under this study is operated in a very reproducible repetitive 
pulse mode to satisfy the requirements of the rf power supply, which can provide 
up to 5kW rf power in the frequency range 3-18MHz in pulsed operation mode. 
The pulse duration is chosen to be a few milliseconds which is much longer than 
the characteristic time needed to establish the plasma parameters so that the 
plasma reaches a quasistationary state and the results can be meaningful for dc 
discharges[l]. Although the transient nature of the discharge has been studied 
to some degree, the physics of the transient nature of this discharge is far from
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clear at this stage. The main attention of this study is paid to the discharge 
behaviour when a quasistationary state is reached, since by then there is enough 
optical gain for laser action. This investigation has not only led to an invention 
of a new form of argon ion laser, but also explains, to some extent, the physics 
of this discharge.
This chapter will briefly review the background of the subject. The experi­
mental apparatus and the plasma diagnostics relevant to this thesis will be de­
scribed in Chapter 2 and Chapter 3 respectively. Then follow the main parts of 
this thesis, Chapters 4, 5, and 6 which present the experimental results. Chapter 
4 investigates the optical properties of the plasma and Chapter 5 describes the 
phenomena of the new Basil laser. In C hapter 6, some plasma parameters are 
studied. It is found tha t the electron distribution can not be simply described by 
a Maxwellian, hence effort has been made to investigate the tail of the electron 
energy distribution. A theoretical discussion is made for a possible explanation of 
the population inversion mechanism, which will be discussed in Chapter 7. The 
last chapter gives the conclusions.
Section 1 of this chapter gives a short review of the Ar+ ion laser while Section 
2 describes briefly the basic characteristics of the discharge generated by an m = l 
helicon wave.
1.1 R ev iew  o f cw  A r+ laser
The active medium used in a conventional Ar+ laser is the positive column of 
a high current density (>100A /cm 2), small tube diameter (1-16mm) dc- excited 
argon discharge. The first cw Ar+ laser was developed by Bridges[3] early in
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1964, and since then the Ar+ laser has been an active topic due to its use in 
research into holography, nonlinear optics, light scattering, communication, and 
various other scientific research fields. There are many publications on this topic: 
an early review paper in 1969[4] included 185 references. Although a few good 
review papers are available[4]-[6], the physics of the Ar+ laser is still not fully 
understood and it is still attracting much attention[7]-[9].
In this section only some general features of the Ar+ laser, which are relevant 
to this study will be outlined. For more details of the dc-excited Ar+ laser, a 
recent publication can be referred[7].
1 .1 .1  P o p u la tio n  in version  m ech a n ism
Fig 1.1 shows part of the level scheme of Ar+ and indicates the 10 principal 
Ar+ laser transitions which are between levels of the 4s and 4p configurations. 
Although the formation of population inversion is still not fully understood[7], it 
has been commonly accepted that the much quicker decay of the lower levels (of 
the 4s configuration) than that of the upper levels plays an important role.
For the excitation of the 4p levels, four possible processes were proposed[4]-[6]:
1. Direct excitation by electron impact from the ground state of the argon atom.
2. Two-step excitation by electron impact via the Ar+ ground state.
3. Multi-step excitation by electron impact via certain configuration states of 
either the neutral atom or the ion.
4. Radiative cascade transitions to 4p-configuration levels from higher states 
excited by electron impact either in one step or multi-step from the ion ground
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Figure 1.1: Level scheme of the 4p and 4s ion configurations. The lasing transitions between 
the two configurations are indicated.
state.
Fig 1.2 shows the four possible channels for the excitation of the 4p configu­
ration levels. High electron energy is essential for all these four channels, which 
is the main reason why a high current density discharge is required.
1 .1 .2  P la s m a  p a r a m e te r s  a n d  e le c t r ic a l  c h a r a c te r is t ic s
Table 1-1. lists some electric characteristics (data from reference[10]) for Ar+ 
laser discharge under conditions close to optimal for total laser output power.
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Figure 1.2: Possible channels for the excitation of the 4p-configuration levels
The table reflects, to some degree, the basic features of the dc-excited Ar+ laser. 
Column 1 of the table gives the tube diameter and columns 2 and 3 list the 
operating current and current density respectively. The electric power per unit 
length of the discharge column W{n/l  is listed in Column 4 and the laser output 
efficiency is listed in the last column.
<f) (mm) »’(A ) j (  A/cm2) Win/l( kW/cm) Efficiency
1.25 40 3500 0.84 10~4
2.7 90 1600 0.7 —
11.0 330 340 0.76 1.0 3 x l 0 “ 3
16.0 420 230 0.8 1.5 6 x l 0 “ 3
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Table 1-1. Electric characteristics and laser output of Ar+ laser discharge in tubes of varying 
diameters
It can be seen from Table 1-1, although the electron current and current 
density vary for different tube diameters, the electric power per unit discharge 
column is nearly a constant of 0.8kW/cm for obtaining maximum laser output 
and the laser output efficiency is proportional to the tube diameter. Increasing 
the discharge tube size then seems a logical approach to obtain higher efficiency. 
However, no success has been achieved so far in making a dc-excited Ar+ laser 
discharge with a tube diameter larger than 16mm.
The electron distribution of a cw Ar+ laser has been found to be a Maxwellian 
and the electron temperature Te and the electron density ne of an Ar+ laser are 
as follows [7]:
Te ~  2-9eV;
ne ~  (l-8 )x l019m-3,
which are similar to that of a large tube diameter (45mm) discharge generated 
by a helicon wave [11]. Hence it is worthwhile to study the possibility of using a 
large (30-65mm) tube diameter discharge generated by helicon waves to make an 
Ar+ laser.
1.2 B r ie f  descrip tion  o f th e  d ischarge gen er­
a ted  by a m = l  helicon  wave
Helicon waves are bounded whistler waves in the frequency range well below the 
electron gyrofrequency but well above the ion gyrofrequency (u>ic <C w <C u>ec).
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It was found in 1970 that, by employing a double loop rf antenna, one could 
excite an m =l helicon standing wave, which in turn coupled the rf energy into 
the discharge[12] to produce a dense plasma. This provides a very efficient means 
of making an electrodeless discharge with a highly ionized (~ 100%) core on the 
axis[13]. The discharge generated by this method has been used as the plasma 
source for wave studies[14],[15], for plasma etching of silicon[16],[17], and has 
some other potential applications[18],[19].
Figl .3 shows a simplified diagram of the wave field of the m =l helicon standing 
wave[12]. The standing wave is formed by two helicon waves propagating in 
opposite axial (z) directions. These two waves can either both be excited by 
the external rf field at the same time, since the field does not have a preferred 
direction, or be formed as a result of the wave reflection from the end. The field 
of a non-damped helicon wave in a cylindrical symetric system can be written in 
the form
Bs =  B0,e- i(u,l±kz
where s = r,d,z.  Hence the wave components of an m =l standing helicon wave 
have the form Bm-\  oc sin(fcz) exp -(iu)t-\-0), where k is the helicon wave number. 
Notice that the wave amplitude will change its sign on the wave node and this 
means there will be a sudden 180° degree phase change. The feature of this 
sudden phase change can be used to experimentally determine the helicon wave 
number k [12], hence the wave phase velocity vph = p
It has been reported[ll] that a high density, high ionized plasma in a 1.6m 
long, 50mm diameter discharge tube with reasonable uniformity along the axial 
direction can be generated by the m =l helicon wave. With an rf input power 
of ~1 kW, one obtains a highly axially peaked plasma with a central density of
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Figure 1.3: Wave field of the m = l helicon standing wave. (From Boswell[10])
1018-1019m-3, electron temperature of 3eV and ion temperature of leV. This kind 
of discharge has plasma parameters similar to that of an Ar+ laser discharge, and 
has the proper geometry for developing a laser. Hence there are sufficient reasons 
for an investigation of this discharge as a new ion laser source, which is just the 
purpose of this thesis.
Table. 1-2 lists some typical ranges of the parameters of the discharges gener­
ated by the m =l helicon wave. For more details of the features of this discharge, 
see reference[12].
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A n ten n a  leng th  (m) 0 .05-0 .5
P la sm a  leng th  (m) 0.30-1 .6
T u b e  d iam ete r (m m ) 30-300
In p u t pow er(kW ) 0.1-5
P ressu re  (P a) 0 .1-1 .5
R F  frequency 0Jic <  U)r f  <  <^ec
5 o ( T ) < 2 f rf  x  10-2 (f rj  in M Hz)
T'  (eV) 3-5
n e (1019m - 3 ) 0.01-10
Table 1-2. Typical ranges of the parameters
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C hapter 2
E xp erim en ta l apparatus
This chapter describes the discharge apparatus Basil-II (section 1), in which a 
low pressure argon discharge is created. The rf supply, the rf antenna (section 2) 
and the data collection system (section 3) will also be described in this chapter.
2.1 Basil-II
Basil-II is a radio frequency excitation discharge apparatus in which a highly 
ionized discharge with central density ~  lO20 m~3 can be produced. Fig 1.1 
shows a sketch of the apparatus.
Briefly, the apparatus consists of a cylindrical glass vacuum vessel inside 14 
magnetic field coils arranged to produce an uniform longitudinal magnetic field. 
The vacuum vessel is coaxial with the coils. An external double-loop rf antenna, 
which serves to couple the rf power to the discharge, is located at the middle of
10
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Figure 2.1: Basil-II apparatus
the vacuum vessel and attached to the outside of the plasma tube. Up to 5 kW
rf power (at 3 to 14 MHz frequency) can be fed to the antenna via a capacitive 
network.
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2.1 .1  V acu um  sy s te m
The vacuum chamber of Basil-II is a pyrex glass tube 1.7m long terminated by 
two stainless steel end-supports attached to the main support frame. A probe 
box, which will be described in detail in the next chapter, is mounted on the tube 
at a position 16 cm away from the middle. There is a square hole of 1cm2 in the 
glass tube at this position so the radial probe can be inserted without causing 
too much change in the boundary conditions.
One of the end-supports is connected to both the vacuum system and the 
working-gas feed. Both end-supports have a set of adapter pieces which enables 
us to choose the tube outer diameters among the sizes 4, 5, 7 and 10 cm. Either 
a quartz window or an adjustable laser mirror support can be mounted on the 
end-support, so as to allow both end-on spectroscopic study and laser output. 
Fig 2.1(a) shows a section view of the laser mirror mount on the end-support, 
while Fig 2.1(b) shows a section view of the quartz window on the end-support.
The pumping system consists of a 3001/s Edwards diffusion pump backed by 
an Edwards E2M5 rotary pump. The whole system can maintain the vacuum 
vessel at a background pressure ~  10-4 Pa. The base pressure of the vacuum 
vessel is measured with a penning gauge, while the gas filling pressure is moni­
tored by either penning or pirani gauges, depending on the pressure range. These 
gauges are calibrated against an MKS baratron capacitance manometer every six 
months. The calibration curves for both gauges are shown in Fig 2.2. The ar­
gon gas is continuously passed through the system via a gas feed system during 
the experiments to minimize gas trapping. The gas feed system consists of a 
compressed gas cylinder with gas pressure controllers and an MKS mass flow
12
Baratron pressure (Pa)
Figure 2.2: The calibration o f Penning gauge (A, unit o f Pa), pirani gauge ( ♦ ,  unit o f Pa), and 
the mass flow rate ( • ,  unit o f SCCM) against baratron pressure.
controller. The relation between the mass flow rate and the gas pressure is also 
calibrated annually against an MKS Baratron capacitance manometer. Provided 
that any change of the pumping speed can be neglected between the two calibra­
tions, the reading of the mass flow meter can be converted into the gas pressure. 
It turns out that as a way to measure the gas pressure, the reading of the mass 
flow meter is more reliable than that of the penning gauge, owing to pollution of 
its cathode. This is a slow but uncertain increasing function of discharge running 
time, and affects the gauge reading to a certain degree. Hence the reading of the 
mass flow meter is used as both a double check of the gas pressure and a sign of 
the condition of the penning gauge. The relation between the mass flow and the 
Baratron pressure is also shown in Fig 2.2.
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Figure 2.3: Vacuum system
Fig 2.3 shows the vacuum system together with gas feeding system. All the 
experiments are carried out using high-purity-grade argon with a minimum purity 
of 99.99%.
2.1.2 M agnetic field coils
To obtain a steady uniform longitudinal magnetic field in a length of about 1.2m, 
fourteen magnetic field coils are used. The coils are coaxially mounted with 11 cm 
separation between each (see Fig 2.1) and sit on a table supported by the main 
frame. These fourteen magnetic field coils can produce a longitudinal magnetic 
field up to 0.2T with a uniformity ~  3% inside the 1.2m long region of the coils.
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Figure 2.4: Magnetic field coil
Fig 2.4 shows a sketch of a single coil and Fig 2.5 shows an example of the 
magnetic field on the axis of the system produced by the coils for a current of 
25A.
2.2 R F  an ten n a  and rf pow er supp ly
A double-loop antenna is used to generate an oscillating magnetic field perpen­
dicular to the axis inside the discharge tube, which in turn excites helicon waves 
in the discharge. This kind of antenna (shown in Fig 2.6) is known to efficiently 
produce a highly ionized plasma [13]. RF power is fed to the antenna via a capac­
itive matching network (also shown in Fig 2.6). A Kenwood TS-520S transceiver 
is used to drive two rf linear amplifiers in series (Kenwood TL 922 and Alpha
15
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F igu re 2.5: Longitudinal magnetic field produced by 14 coils for electrical current of 25A
DX77) to obtain rf power outputs up to 5 kW at 7-14 MHz. A pulse generator 
is used to pulse the rf transceiver and trigger the data collection system. Most of 
the experiments have been carried out at 7 MHz with pulses of 5-10ms duration 
and 10-20% duty cycle with rise time of ~  10-5sec.
2.3 D ata  collection system
The data collection system used in this study was designed and developed by 
a former PhD student, Arnstein Prytz. The system is based on an Apple II 
microcomputer and has the functions of controlling data collection, data storage 
and some simple data processing such as curve smoothing or scale changing. The 
highest data collection rate of this system is 70000 samples per second, and the 
resolution of the system is 8 bits. The system also has the ability of transferring
16
J-*----------  8 -10  cm
i l RF power
Figure 2.6: RF antenna
data files to a Vaxl 1/785 computer on which more complicated data treatment 
can be carried out.
The signal required by the data collection system is a peak-peak voltage within 
the range of ±5V. Any experimentally measured signal must first be changed into 
a voltage signal within the required range and then be fed into the data collection 
system.
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C h a p te r  3
D ia g n o s tic s
This chapter describes the diagnostics involved in this study together with the 
theory associated with each measurement.
Sections 1 of this chapter describes the methods for investigating the optical 
properties of the discharge, especially the spontaneous and stimulated emission 
of the 488 nm argon ion line. In order to obtain reliable results, two independent 
methods are applied to determine the electron density. One is the Langmuir 
probe method (section 2) and the other is the microwave interferometer method 
(section 3) . The electron energy distribution is investigated also by means of a 
Langmuir probe while a magnetic probe (section 4) is used to measure the helicon 
wavelength in the discharge.
3.1 O ptical d iagnostics
In order to study the potential application of a discharge in the laser field, the 
knowledge of the spontaneous and the stimulated emission of the laser operation
18
lines is essential. Standard spectroscopic methods are applied to investigate the 
relative intensities of the spontaneous emission for several argon ion lines under 
different experimental conditions. A beam from an Ar+ laser operated at the 
488 nm line is used as an optical probe to measure the optical gain, which is 
the balance of the stimulated emission over absorption, of the 488 nm Ar+ line 
radiation from the discharge.
3.1 .1  S p o n ta n eo u s em iss io n  m ea su rem en t
The equipment required for a relative analysis of atomic or ionic spontaneous 
emission is one of the least complicated. It requires a monochromator to disperse 
the optical emission and a set of optics to image light from the discharge onto a 
photodetector. In this study, an optical fibre with a 0.8mm wide, 1cm long end 
is mounted on a mechanically scanning system to allow the side-on scanning of 
spontaneous emission from the middle of the discharge column. The system is 
located at the image surface of the optical system and the scanning resolution is 
about 2mm. A sketch of the whole arrangement used in this study for the relative 
analysis of the spontaneous discharge emissions is shown in Fig 3.1. Since the 
emissions to be studied in this case consist of the visible or UV lines of the 
argon ion and only their relative intensities are required, a lm  monochromator 
(McPherson Model 2051), which has a maximum spectral resolution of 0.01 nm, 
can easily satisfy the requirement. An EMI 9816QKAM photomultiplier tube
19
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Figure 3.1: Experimental arrangement for spontaneous emission measurement
W avelength
(nm )
R elative
R esponsiv ity
W avelength
(nm )
R elative
R esponsiv ity
300 0.01 460 0.92
330 0.110 480 0.856
350 0.524 500 0.757
370 0.771 550 0.540
400 0.965 600 0.341
420 1.000 650 0.199
440 0.974
Table 3-1. Spectral response of the monochromator-pm system
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mounted at the exit slit of the monochromator is used as the detector. The 
relative spectral response of the whole system (Table 3-1) is calibrated against a 
quartz-window, tungsten-ribbon standard lamp.
The relative intensities of the spontaneous emissions of a plasma can directly 
provide information about electron temperature, relevant excitation state densi­
ties and electron density if the plasma under study is either in local thermody­
namic equilibrium(LTE) or coronal equilibrium. The coronal domain is roughly 
bounded by the condition [20]
ne < 2 x 10-1(z + l j - ^ m " 3 (3.1)
whereas the LTE is reached at densities approximately [20]
ne > 1.5 x 1021(z + l)6r 1/2m -3 (3.2)
where T  is the electron temperature in K and z is the effective charge and for 
single ionization system z—1. The electron temperature of the Basil-II discharge 
is about 3x l04 to 6x l04I\. Neglecting any double ionization in Basil-11 discharge, 
one can rewrite the conditions as
ne < 1018m 3 (3.3)
for coronal domain and
for LTE.
ne > 1.6 x 1025m 3 (3.4)
The electron density of the plasma in this study lies in the range 1019m-3 to 
102Om~3. This is far from that required by LTE and also exceeds the condition 
for a coronal equilibrium. Thus neither the LTE model nor the coronal model 
can be applied.
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Although neither LTE nor coronal conditions are valid in this study, the time- 
resolved spontaneous emissions from different excitation states and ionization 
states can give directly useful information about the relevant states, especially 
the variation with time of their relative populations without involving any com­
plicated theories.
3 .1 .2  O p tica l gain  m ea su rem en t
The optical gain of the laser operation line is the most important property of 
a discharge for laser applications. If the optical gain of a line in the system is 
positive, and exceeds the total loss of the system, the radiation of this line in the 
optical cavity is amplified by stimulated emission, resulting in laser action.
Since the net intensity enhancement of a line is proportional to the total 
intensity of the emission, it is possible to use a beam of laser light of the same 
wavelength to probe the gain. If the intensity of the laser light is much higher 
than the spontaneous emission of the same wavelength from the discharge, but is 
weak enough to avoid nonlinear effects, the enhancement of the light intensity is 
approximately proportional to the intensity of the laser light.
The experimental arrangement shown in Fig 3.2 is used in this study to mea­
sure the single pass longitudinal optical gain. The 488 nm probing laser beam has 
a divergence of 0.6xl0-3rad and the size of the beam is limited by a 1mm diam­
eter aperture before it enters the discharge. Thus the optical probe can measure 
the optical gain in a narrow volume with a diameter of ~  1 mm throughout the 
discharge. By moving the probing beam one can investigate the radial variation
22
Figure 3.2: Experimental arrangement for gain measurement
of the optical gain with a resolution ~lmm. The monochromator here serves as a 
selective filter so that only the 488 nm line can reach the collection system. The 
probing laser is operated at TEM0o single mode and the line width(on the order 
of 10“5nm) of the laser beam is much narrower than that of the emission from the 
discharge (on the order of O.Olnm) and it is totally overlapped by the emission. 
The detected gain structure in this case is mainly determined by the laser mode 
structure. Hence the detected gain can be taken as a very good estimate of the 
gain for the centre frequency of the line (G(A0). Using the system shown in Fig 
3.2, three signals (U, I2, and I3) can be recorded when the experiments are carried 
out under the following conditions:
l i ‘. laser on, discharge off;
I2: both laser and discharge on;
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I3: laser off, discharge on.
Here I2 is the sum of the intensities of the laser light and the stimulated and 
spontaneous emission from the discharge, with the concept of negative stimulated 
emission for absorption, and Il5 I3 represent the laser intensity level and the 
spontaneous emission intensity respectively.
From the definition of the gain per pass, it is easy to write:
G = In— =  In— h - .
Ia h  + h
If G <C 1, the above can be simplified as
^  h - h - h
G ~h + h
If the intensity of the laser light is much higher than that of the spontaneous 
emission from the discharge, ie. li I3, one has:
h  -  L G~ — (3.6)
h
In the experiments, the laser intensity is so chosen that it is strong enough to 
use Eq.3.6, and weak enough to avoid nonlinear effects ensuring that the gain 
measured is the small signal gain.
3.2 Langm uir probe
For the propose of discussion, a Maxwellian distribution for bulk electrons is 
assumed, although(see later)there is a clear indication of a nonthermal electron 
distribution in this discharge. The effect of the magnetic field and rf oscillating 
fields on the probe characteristic must be taken into account to get reliable results. 
The rf field in the plasma will cause an oscillation in probe potential with respect
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to the plasma. For a plasma with standing helicon waves, as in our case, this 
effect can be minimized by carefully choosing the diagnostic position to be at a 
wave node, where the rf field in the plasma minimum. The magnetic field will 
cause a reduced current to the probe if the gyroradius of the charged particles 
is much smaller than the probe dimension. In this study, it is assumed tha t the 
effect of the magnetic field on the probe measurement can be neglected if the 
ratio of gyroradius to probe radius >  1.
Although modern probe theories have covered a great variety of plasma states 
[21], there is no universal formula to interpret the experimentally measured V- 
I characteristic of a Langmuir probe immersed in a plasma. Probe theory can 
derive a probe characteristic only when the form of the electron distribution in the 
plasma is known, and in most non-maxwellian distribution cases the characteristic 
can be obtained only through a process of numerical integration. That means 
for plasmas with a non-maxwellian electron distribution, the interpretation of 
the Langmuir probe characteristic has to be treated case by case. A detailed 
discussion of complete Langmuir probe theory is out of the scope of this study, 
and only the treatm ent of this particular plasma case will be discussed in this 
section.
The remainder of this section describes the Langmuir probe system, the probe 
characteristics measured in Basil-II, and their interpretation.
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3.2 .1  L angm uir p rob e sy s te m
A vacuum-tight probe box is used to mount a radially movable single Langmuir 
probe. The probe box can be fitted in the gap between two magnetic field coils, 
so that the longitudinal distance between the middle of the antenna and the 
probe can be (16-flln)cm (n = 0, 1, ... 4). In most of the experiments carried 
out in this study, the probe box is located in the gap adjacent to the one which 
hosts the antenna, where a minimum rf level is measured by a magnetic probe, 
so the distance from the middle of the antenna to the probe is 16 cm. A 0.3mm 
diameter tungsten wire is used to form a single cylindrical Langmuir probe. The 
construction of the probe and a sectional view of the probe mount are shown in 
Fig 3.3.
In a plasma with a magnetic field, the probe characteristic could be effected if 
the gyroradius of the charged particles (/9ei) is much smaller than the radius of the 
probe(rp). Table 3-2 shows pe,i/rp as function of the charge carrier energy for B0 
= 0.08T, rp = 0.15mm. From Table 3-2, one can see that the probe characteristic 
will not be strongly affected by the magnetic field when the probe potential is 
more negative than -20V. However, for a less negative probe, the effect of the 
magnetic field can cause serious experimental error. Thus this probe is not very 
good for studying low energy electrons but is suitable for studying both ions and 
high energy electrons.
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(a) Langmuir probe
2 mm
‘Tungsten wire tip 
<H).3 mm
30 mm
Ceramic Tubing 
<J>=2 mm
Stainless Steel Tubing 
' ^ k(J>=6.4 mm
(b) Probe mount
Vacuum seal
Position adjustment
Plasma
Figure 3.3: Construction of radially adjustable langmuir probe
T ype  of 
C harge  C arrie r
E nergy  R ange 
(eV )
P e , i / r p
0 - 10 0 - 0.63
E lectron 10 - 20 0.63 - 0.88
20 - 40 0.88 - 1.25
40 - 100 1.25 - 2
A r+ Ion 0.5 - 1 38 - 53.75
Table 3-2. pe^ j r p for B q =  0 .08T  and rp =  0.15mm
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3 .2 .2  P ro b e  ch a ra cter istic
In this subsection, the details of the Langmuir probe characteristic measured in 
Basil-II will be discussed. A typical probe characteristic obtained from Basil-II 
plasma (Fig 3.4) can be divided into four regions:
A . P ositive  ion collection  region
In this region, the probe is so strongly negatively biased that few electrons can 
penetrate the probe sheath. The characteristic is mainly determined by positive 
ion current and is nearly independent of the form of the electron distribution 
provided the distribution is not too far from Maxwellian. Since the heavy ions 
are hardly magnetized in this case, the magnetic field has little effect on the 
characteristic. The ion current detected is proportional to the electron density if 
only singly ionized ions are collected and the ion temperature is much less than 
the electron temperature [22]:
hT
/+ ~  0.6nee(— )1/2As (3.7)
m,
where As is the area of the sheath surface which does not differ from the area of 
the probe for the normal case, although there is some slow increase in As as the 
probe is made more negative. This means I+ is only very weakly dependent on the 
probe potential so the effect of the rf field inside the plasma on the characteristic 
is negligible. The characteristic in this region can then be used to estimate the 
electron density [22]:
ne ~  I+ (
0.6 eAsykTe’
(3.8)
B. N ontherm al fast electron collection  region
In this region, the probe potential with respect to the plasma is still sufficiently
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Bias (V)
Figure 3.4: Typical probe V-I characteristic of Basil-II plasma for i^o^O-OST, P=0.9Pa, 
Prf  =3.5kW  and rf=7MHz.
negative so tha t only very fast electrons can reach the  surface of the probe. It 
is this part tha t provides information on the nontherm al electron tail since the 
num ber of therm al electrons in this energy range is negligible. It has been found 
th a t a calculated characteristic for a plasm a which includes an electron beam can 
fit some of the measured characteristics quite well. The probe electron current 
for an electron beam can be written as [21]:
h  = enb]j  ^ - e x p ( - x i )  +  ^ p - [ \  +  e r f ( x m], (3.9)
where
er/(arm) =  2 'v/ tt /  exp(—x 2)dx ,  (3.10)
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and
(3.11)
with E{,, the beam energy; nprote, the probe potential with respect to the plasma 
and Vfc the beam velocity. Note tha t TJ,, the beam tem perature, is a measure of 
the beam  therm al spread and can be written as:
A F
Tb~  A E b^r-(3.12)
where A E5 is the spread in the beam energy which corresponds to the half w idth 
of the beam distribution at the e -1  point.
The effect of the magnetic field on this part of the probe characteristic is not 
strong since the gyroradius of these fast electrons is about twice the probe radius. 
The derivative of probe current with respect to the probe potential is relatively 
small so rf fields do not play a major role, since the uncertainty of the probe 
current due to the rf is proportional to the derivative of the current:
A I  ~
where A V  is the rf level. In this region, an uncertainty of only ~  2eV in the 
determination of the electron energy could be involved due to the effect of the rf, 
which will cause a plasma potential variation ~3-5V. Fig 3.5 shows a comparison 
of the theoretical characteristics both with and without the rf field.
C . T herm al electron  collection  region
The probe potential with respect to the plasma is still negative but some 
therm al electrons with high energy can reach the surface of the probe. Since 
these therm al tail electrons dominate the probe current in the characteristic, one 
can expect to get some information about the bulk electron tem perature from 
this part.
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Figure 3.5: (a) Comparison of the theoretical characteristics both with (dashed line) and
without (solid line) the rf field and (b) their corresponding distributions
However, there are several factors which may cause considerable errors in de­
termining the bulk electron temperature. Firstly, those thermal electrons which 
can be collected are only a small fraction of the bulk electrons, and the distri­
bution in this region is very likely to be distorted in some way. Secondly, as the 
gyroradii of the electrons in this energy range are of the same order as the probe 
radius, the magnetic field will have some effect on the probe characteristic. The 
effect of the rf field is also larger than in regions A and B since the derivative of 
the current with respect to probe potential is no longer negligible. Hence only a 
rough estimate of the bulk electron temperature can be expected.
D . T h e bulk electron region
When the probe potential with respect to the plasma is made less negative,
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bulk electrons with low energy can be collected by the Langmuir probe. How­
ever the probe characteristic is strongly affected by the magnetic field since the 
gyroradii of these slow electrons is much smaller than the probe radius. The char­
acteristic can be used to determine the bulk electron tem perature only in those 
cases where such a weak magnetic field is applied th a t their gyroradii are similar 
to the probe radius. In Basil-II, this requires a magnetic field below 0.06T.
3 .2 .3  In terp re ta tio n  o f  th e  p ro b e  ch a ra c ter is tic
From the above discussion, it is clear th a t although the theory of the probe char­
acteristic for the Basil-II plasma is quite complicated, the saturated  ion current 
can still be easily identified. The extraction of the ion current from the charac­
teristic is not difficult in practice, hence particular attention need only be paid 
to the electron current. In a magnetized plasma, since a Langmuir probe will 
collect those electrons which are travelling along the magnetic field [23], one can 
consider a one-dimensional case for simplicity. Although Langmuir probe theory 
normally becomes very complicated when a non-Maxwellian electron distribution 
is concerned, the original equation for the current density to the probe is still
where Apro e^ is the effective surface area of the probe. As mentioned before, there 
is no universal theory to derive the electron distribution from a probe characteris­
tic unless the form of the distribution is known. Fortunately, from the measured 
probe characteristic, one can normally have a quite good guess of the form of 
the distribution, which in turn can be put into Eq. 3.13 to derive a correspond-
valid:
f ( v ) v d v (3.13)
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ing characteristic. By comparing the measured characteristic with the calculated 
one, another closer guess can then always be made. By iteration, the assumed 
distribution can be made so close to the real one tha t the calculated curve can 
reasonably fit the measured data. In practice, this method needs the knowledge 
of the plasma potential which is not easy to measure experimentally in this case, 
since applying a zero bias would result in such a large electron current being col­
lected as to destroy the probe tip. An assumed figure within the range of 11-16V 
for the plasma potential is thus used in the interpretation of the measured charac­
teristic. The uncertainty of the plasma potential will only cause a few eV shift in 
the tail of the electron distribution but can cause significant error in determining 
the bulk electron tem perature, which, as has been shown above, can not in any 
case be measured accurately for other reasons. Hence, from this simple Langmuir 
probe measurement, only a rough estim ate of the bulk electron tem perature can 
be expected.
The iterative tracing method is used in this study to obtain the electron 
distribution from the measured Langmuir probe data. A typical sample of the 
fitting of a theoretical characteristic to a measured one is shown in Fig 3.6 together 
with the corresponding distribution function.
The actual distribution functions can be highly non-Maxwellian, which we 
chosen to mode with sum of three simple functions to obtain a good lit:
F = V^V x ( / ,  +  / 2 +  f 3) (3.14)
where
/ mp e V
(3.15)
c  „  e (  V)—  V )
/ 2 =  5i x /] x (3.16)
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Figure 3.6: The fitting of a theoretical characteristic to a measured one and the corresponding 
distribution tail
here 0 > Si > —1, and S2 ~10 are adjustable parameters; and
h  =  rih
e | V b - V |
(3.17)
with Tb — A Eb and A Eb is the beam e-1 spread half-width in eV. The error 
due to an uncertainty of 5V in the plasma potential for Te is about 30%, for Vb 
about 5-10% and for relative beam density nj,/ne about 20%. Hence the distribu­
tion can be represented by a few parameters, such as bulk electron temperature
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Reflector se shifter
12 mm
circular
tubing
Beam spliter
Plasma
Detector
Klystron
F igure 3.7: Experimental arrangement of microwave interferometer measurement
Te, beam energy beam energy spread width AE\>, and the normalized beam 
density n^/rig.
3.3 M icrow ave in terferom eter
As an independent means of density measurement, a microwave interferometer 
(A=3mm) is used to check the absolute density measured by the Langmuir probe. 
Fig 3.7 shows a schematic diagram of the microwave interferometer used in this 
study.
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3.3 .1  T h e  p rin cip le  o f  th e  m eth o d
The principle of the 3mm wavelength microwave interferometer used is that of the 
Michelson interferometer. The microwave power from a klystron is split into two 
beams. The two beams are combined again after traversing two different paths, 
i.e. a reference path and the main path through the plasma tube. The reference 
path is adjusted so that the output for the detector is zero in the absence of a 
plasma. The phase change due to the change of the microwave refractive index 
in the plasma can then be determined from the phase shift due to the two-beam 
interference [24]:
0 = %  f R A N rdl = ~  [ R[l -  (1 -  — f l 2]dl (3.18)
A Jo A Jo nc
where A N r is the change of the refractive index of the wave in the plasma and 
nc is the cut-off density defined as:
m euj2 
Uc =  4^ ? ’
where uj is the frequency of the microwave. If the plasma has a cylindrically 
symmetrical radial variation in electron density:
n = ne0f(r)
where neo is the value of the central density and f (r)  is the radial density distri­
bution function with /(0) = 1. Eq. 3.18 becomes:
e = £  f  [1 -  (1 -  ^ M ) ^ ] d r .  (3.20)
A Jo nc
Eq. 3.20 can be simplified when the condition ne0f ( r ) /n c <C 1 is satisfied:
0 \nc
27r /0Rn(r)dr
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For a cylindrically symmetrical plasma, the volume mean electron density can
be defined as:
nv 2ne0 f0R rf(r)dr  
R2
where R  is the plasma radius.
(3.22)
3 .3 .2  E x p er im en ta l co n sid era tio n s
The simple theory reviewed above is based on the assumptions of geometrical 
optics, perfect antennas, and negligible effect of the refraction due to the density 
variation. These assumptions should be checked from the experimental point of 
view.
The first assumption, geometrical optics, is valid when the plasma size D is 
at least three to five times the microwave length, eg. D> 3 ~  5Ao [25], [24]. 
In the Basil-II plasma, although the plasma tube diameter is 50mm, the radial 
distribution of the electrons is sharply peaked with a full width half maximum 
(FWHM) ~  14 mm. For a rough estimation, the FWHM of the profile can be 
treated as the effective plasma size, which is ~4.7 times the wavelength in this 
case. This means the geometrical optics approximations can be used only if a 
rough estimation of the density is sufficient.
In Basil-II, the radial distribution of the electron density will cause consider­
able refraction of the beam direction. The refraction angle can be estimated by 
the equation [26]:
''*>■-<;>r- (3.23)
[Vo( | ) 2 +
where b is the impact parameter and a is the tube diameter (Fig 3.8). Notice
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Figure 3.8: Refraction of the microwave
that <f>(b) —>0 at the axis, hence for a single channel located at the axis with 
small collection angle, as is the case, the actual effect of the refraction is not 
really serious. Since the effect of the refraction will cause a somewhat lower 
cut-off density [25], it can also be checked from the earlier cut-off, if any, in 
the measured data. In this study, a peak density ~0.7nc is estimated from the 
measured phase shift without observing any cut-off, confirming that the effect of 
refraction is negligible.
From the measured data, a value of ne0 ~  7x l0 19m-3 for neo is estimated. 
Taking into account that in this case nc ~  1.24x 102Om“3, the condition 71 <C 
1 does not always hold. Thus, to estimate the electron density from the measured 
phase change, Eq. 3.20 has to be used instead of Eq. 3.21. A program has been 
developed to solve Eq. 3.20 numerically for various phase changes and different 
FWHM (full-width half-maximum) of the Gaussian distribution profile, which is 
not far from the profile measured by Langmuir probe. The results are shown in 
Fig 3.9.
Since this simple interferometer can only provide information on the magni-
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Phase change (Radian)
Figure 3.9: Central electron density as function of measured microwave phase change for 
various Gaussian profile width
tude of the phase change without its sign, it is necessary to identify the direction 
of the change during a pulse. This is simply done by comparison with the Lang­
muir probe data.
Although a detailed treatm ent based on wave optics could in principle be used 
to get more reliable results, the interpretation of the measured data  is carried out 
using Eq.( 3.20) for simplicity. Nevertheless, the result from this simple treatm ent 
agrees quite well with the result from the Langmuir probe measurement. The 
accuracy of the measurement can thus be estim ated to be within a factor of 2.
39
4mm
(b) Probe mount
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Plasma Tube
Guiding Tube (
Magnetic Probe
Figure 3.10: The construction of the magnetic probe and its mount
3 .4  M a g n e t ic  p r o b e
A magnetic probe is used to measure the helicon wavelength in the Basil-II 
plasma. The pick-up coil has a centre tap  which is earthed to minimize elec­
trostatic  pickup. The construction of the probe is shown in Fig 3.10(a).
The probe is located inside a 7mm diam eter glass tube, mounted parallel to 
the outer surface of the plasma tube (Fig 3.10(b)). The probe can be moved along 
the glass tube so th a t the external field of the helicon wave can be measured as a 
function of the longitudinal position. From the separation of the zero-field points 
or, as mentioned in Chapter 1 of this thesis, of the 180° phase-shift points, one 
can derive the wave number of the helicon wave. The fact tha t a clear 180° phase 
change is observed even when the probe is located outside the discharge tube 
suggests the helicon wave vector is not a strong function of the radial position. 
The m easurement of the wave m agnitude as a function of position, even a relative 
measurement, is not reliable since there are electrostatic pickup and other sources
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Figure 3.11: Typical sample of a magnetic probe measurement for B o  =  0.08, P=0.9Pa, 
Prj  =4kW  and measured at t=2ms
of interference even though a centre-tapped probe is used. Fortunately, the phase 
shift measurement is quite reliable, since a sudden 180° change in phase on the 
wave node is very easy to be experimentally identified.
Although an internal probe should be used to investigate the wave inside the 
plasma, there is evidence [27] that the measurements made outside the plasma 
column do correspond to the wave number inside the plasma. Fig 3.11 shows a 
typical sample of the results from the magnetic probe measurement.
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C h a p te r  4
O p tic a l p ro p e r t ie s  o f  th e  p la sm a
To explore the possibility of using Basil-II as a laser, the knowledge of the optical 
properties of the plasma is essential. This chapter presents an investigation of the 
optical properties, especially those of the 488 nm laser operation line. The result 
of the investigation has not only positively confirmed that there is the possibility 
but also successfully led to a new argon ion laser whose special characteristics 
will be described in the next chapter.
The main part of this chapter describes the study of the spontaneous and the 
optical gain of the 488 nm Ar+ line. The spontaneous emissions of some other 
Ar+ lines are measured in order to get a rough picture of the spectrum under 
certain experimental conditions. Ar++ 350 nm emission is also measured for 
several conditions. Section 1 of this chapter will be devoted to the spontaneous 
and the optical gain of the 488 nm line for various experimental conditions, and 
the spontaneous emissions of some other Ar+ and Ar++ lines will be presented 
in section 2. The results and several conclusions will be discussed in section 3 of 
this chapter.
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4.1 T h e  488 n m  line
This section will present the experimental results of the spontaneous emission and 
the optical gain of the 488 nm line. There are three good reasons to pay particular 
attention, as a starting point, to this line. First of all, the Ar+ transition of 488 
nm (4p2Db — i s 2Pi) is the one of the strongest Ar+ laser transitions. Secondly, 
a small Ar+ laser operating at this line is available and can easily be used for 
probing the single pass gain. Thirdly, the 488 nm transition has the lowest current 
threshold for laser operation [28], so it is more likely to find gain in this line within 
the Basil-II plasma operation range.
The optical gain of a laser line is not a constant since the population of the 
laser transition upper level will be depleted by the stimulated emission. The 
single pass gain will then be reduced following the intensity of the transition[29]:
G = G0-\-rr~
1 +  I !  h a t
where Go is the single-pass small-signal gain and Isat = 1S the the intensity
level at which the gain will be reduced to half of its original value Go, where <7, and 
Tefj  are the laser transition cross section and the effective recovery time respec­
tively. However, if the intensity of the emission is weak enough that / / Isat 1,
then the gain is not sensitive to the emission intensity and is very close to Go 
which is a reflection of the population inversion of the unperturbed plasma. The 
small signal gain is of particular interest in this study since the maximum possible 
laser output intensity is proportional to it[29]:
I m a x  =  G o h a t • ( 4 -2 )
Later on, for convenience, G0 will be used for the gain unless otherwise stated.
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4 .1 .1  R ad ia l profile
The radial profile of the spontaneous emission and that of the optical gain have 
been investigated within the following experimental ranges:
Bq : 0.050 - 0.140T for spontaneous emission;
B0 : 0.065 - 0.100T for optical gain;
filling argon pressure : 0.4 - 1.5Pa;
input rf (7 -14 MHz) power : 3.5kW;
tube diameter : 30 - 56mm.
The reason for the smaller B0 range for the gain is that only in this range can the 
profile be measured with reasonable accuracy. All the profiles are measured at a 
time of 2 ms after the plasma is turned on, when the plasma reaches a relatively 
steady state.
The spontaneous emission is scanned side-on across the tube to get a profile 
while the radial profile of the single-pass gain is scanned end-on. It is found 
that both profiles of spontaneous emission and optical gain have quite narrow 
FWHM no larger than 1.2 cm for most of the experimental conditions. Fig 4.1 
shows a typical example of the measured profiles of both the spontaneous emission 
and the optical gain. Both profiles are measured under the same experimental 
condition of B0 = 0.075T, rf 7MHz, and tube diameter 45mm. The side-on 
scanned profile is not the true emission radial profile and an Abel inversion should 
be carried out[30]. However, if the measured profile is a Gaussian distribution, 
this treatment is not necessary since the Abel inversion of a Gaussian distribution 
is also a Gaussian. This can easily be verified. From the Abel law, one has[31]:
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F ig u re  4.1: Radial profiles of spontaneous emission (o) and optical gain (*) of the 488nm 
transition for 7?o:=0.08T, Prj  —3.5kW, P=0.9Pa.
ny)=fRr^%r^J ivi (y2 -  r 2y / 2
:(r) = " 77T y r
1 /“* d/(y) dy
(4.3)
dy (r2 — y2)1/2 ’  ^ ^
where 7(y) and e(r) are the measured profile across the tube and the radial profile 
respectively. Put 7(y) = Ae~ay2 into Eq.( 4.4):
1 f R dl(y) dy 2a f R y7(y)_ Za f
7T Jr dy. (4.5)dy (r2 — y2)1/2  (r2 — y2)1/2 
Notice that Eq.( 4.5) has the same form as Eq.( 4.3), applying Abel’s law again
one obtains:
' “ = - 2 S i
1 f R de(r) dr
'\y\ dr (y2 -  r2)V2 
Comparing Eq. (4.3) with Eq. (4.6), one can find
de(r)
(4.6)
dr
= —2ae(r). (4.7)
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The solution of the Eq.( 4.7) is simply a Gaussian distribution with same FWHM:
e(r) =  A*e-°'r\
where A* is a constant. Since in our plasma, the measured profile across the 
tube is a reasonab fit to a Gaussian distribution, it is treated as the radial profile 
w ithout processing via an Abel inversion. A trial calculation of the radial profile 
suggests the FWHM of the measured profile can be taken as th a t of the emission 
profile without introducing much error (Fig.4 .lb).
-22 - 16.5 -11 - 5.5 0 5.5
Radial position (mm)
F ig .4 .lb  M easured profile ( o )  and its A bel inversion (solid line)
The FWHM of the profile as a function of rf and argon filling pressure are 
shown in Figs 4.2 and 4.3 respectively. The results are obtained from B0 = 
0.075T for both figures and P=0.5Pa for Fig 4.2, 7MHz rf for Fig 4.3. The 
FWHM as a function of the magnetic field is shown in Fig 4.4 with 7MHz rf, 
tube diam eter of 45mm and filling pressure of 0.9Pa. From Figs 4.2 to 4.4, it is 
clear th a t the FWHM is a constant ~8m m  for all the experim ental conditions 
but the profile of the spontaneous emission is sensitive to the magnetic field in
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Figure 4.2: FWHM of spontaneous emission (o) and optical gain (*) of the 488nm transition 
as a function of radio frequency.
some ranges. Fig 4.5 shows that the FWHM of the profile for the spontaneous 
emission and the optical gain do not depend greatly on the plasma tube diameter. 
This suggests that the interaction between the tube wall and the plasma is not 
very strong and the plasma is confined in some way which is nearly independent 
of the tube wall over the range studied. The increase in width of the spontaneous 
emission profile follows the magnetic field (Fig 4.4) when B0 >0.09T suggests 
some other confinement mechanism rather than magnetic field confinement. The 
sudden drop in FWHM in Fig 4.4 for the spontaneous emission at the magnetic 
field ~0.06T suggests a threshold B0 field for a certain mode.
The spontaneous emission of a transition (Esp) is proportional to the density 
of its upper excited state while the optical gain (Go) is proportional to both upper 
state density and degree of population inversion
E sp (x n *up  5
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Figure 4.3: FWHM of spontaneous emission (o) and optical gain (*) of the 488nm transition 
as a function of argon filling pressure.
Go oc n. n u P ~  n lo
where n*p and n*0 are the populations of the upper and lower states of the tran­
sition. The fact that the profile of the optical gain is always narrower than that 
of the spontaneous emission suggests a somewhat higher degree of population 
inversion in the centre of the plasma. This is not a surprising result since the 
plasma is generated by the m =l helicon wave excited by the rf field of the dou­
ble antenna, and the wave field has its maximum on the axis[12], resulting in a 
stronger excitation there.
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Figure 4.4: FWHM of spontaneous emission (o) and optical gain (*) of the 488nm transition
as a function of magnetic field.
4 .1 .2  T im e ev o lu tio n
The Basil-II plasma is excited with pulse of 5-10ms duration. It is find that the 
discharge is not sensitive to changes in the pulse duty cycle over quite a large 
range from 2% to 50%; however, lower duty cycles means that it takes a longer 
time to collect the data, while too high a duty cycle will risk overheating the RF 
power source. Hence an intermediate value of 10% - 20% is used. During this 
5-10ms, the plasma varies and the time evolution of the various emissions will be 
discussed in this subsection. Fig 4.6 shows a typical example of the spontaneous 
emission and the gain time evolution of the gain. This is measured along the 
axis of the plasma with F?o=0.075T, P=0.9Pa, rf power of 3.5kW at 7MHz. The 
whole evolution can be roughly described in terms of three characteristic times, 
, and t3. Here tx is the first 0.2~1.5ms, when the emission increases to ~0.6 
of its peak value. During the rise time £i, the excitation of the 488nm transition,
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Figure 4.5: FWHM of spontaneous emission (o) and optical gain (*) of the 488nm transition 
as a function of tube diameter.
which depends on both electron density and the electron energy distribution, 
is increasing. In the next 2~5ms(£2), the emission reaches its peak value and 
remains relatively steady. It is during this time t2 that the maximum excitation 
of the upper state of the 488nm transition is reached and considerable optical 
gain is observed. After t2, both the spontaneous emission and the gain drop to 
a much lower level, and the plasma finally reaches a steady state which can last 
for a long time t3 (until the input power is switched off). The sudden change in 
the emission suggests a major change in rf-plasma coupling due to the change of 
plasma impedance. This is supported by the fact that the FWHM also widens 
at the same time (Fig 4.7). The whole time evolution can thus be divided in to a 
‘head’ and a steady ‘tail’. The former can roughly be represented by ti + t2. It is 
found that in a repeated pulse mode, if the interval between consecutive pulses is 
not long enough, t\ will depend somewhat on the pulse separation time and the 
shorter the separation, the shorter the ti. This can be explained by a higher level
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Figure 4.6: Evolution of spontaneous emission (dotted line) and optical gain (solid line) of 
the 488nm transition.
of preionization for the case of shorter pulse separation, so that the initial process 
will take less time. A low duty cycle of 10-20% ensures that the separation is 
long enough that the earlier pulsed plasma does not have much effect on the later 
one. The time evolution is then mainly dependent on the filling pressure and 
input power. Fig 4.8 shows t\ and t2 as a function of filling argon pressure, and 
Fig 4.9 shows the effect of varying the input rf power. It seems that the higher 
the pressure, the longer are t\ and t2, and the higher the input power, the shorter 
they are.These two characteristic times are not very sensitive to the magnetic 
field in the range of 0.06-0.1 IT, and then t2 decreases following the increase of 
the B0 field (Fig 4.10). Below 0.06T, the wave form does not have a‘head’, so 
that t2 is zero. Notice that this sudden change of the evolution shape occurs at 
the same B0 where a sudden change in the profile is observed (Fig 4.4). This 
also supports the suggestion of a mode change at B0 ~0.06T. For the proposed 
application, the plasma should be operated with a pulse width equal to the sum
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Figure 4.7: Evolution of the half-width half-maximum spontaneous emission profile.
of t \  and ^21 and a high ^2/^1 ratio is desirable.
Filling pressure (Pa)
Figure 4.8: Caracteristic time (o) and 2^ (*) as a fund
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RF input power (kW)
Figure 4.9: Caracteristic time t\ (o) and t2 (*) as a function of input rf power.
4 .1 .3  E m is s io n  a n d  g a in  p e a k s
The peaks of the spontaneous emission and the gain during a pulse are of partic­
ularly interest, especially the latter, for exploring the optimal plasma operation
O O -
0.05 0.10 0.15
Magnetic Field (T)
Figure 4.10: Caracteristic time (o) and t2 (*) as a function of magnetic field.
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condition for laser application, since the plasma has its best performance for las­
ing at these times. All the data are measured on the axis of the plasma and at 
a time when the gain or the emission reach their peaks. The following operation 
conditions: F?o:=0.075T
P=0.9Pa
rf power of 3.5kW at 7MHz
tube diameter=45mm
will be regarded as standard and only one of the parameters will be varied to see 
its effect, unless otherwise stated. The peaks of the spontaneous emission and 
the optical gain as a function of magnetic field for excitation frequencies of 7, 10 
and 14 MIIz are plotted in Fig 4.11 and Fig 4.12 respectively. There is clearly a 
resonant range of B0, for each excitation frequency where both the spontaneous 
emission and the optical gain of the 488nm line have their maximum. The op­
timal value of Bo for maximum gain is close to that required by the condition 
f r f  — Jlh  (Fig 4.13) in the rf 7-14MHz range, where f rf  is the excitation fre­
quency and f ix  is the lower hybrid frequency. This seems unlikely to be just a 
coincidence, although there is no convincing theory to explain this observation. 
The peak gain is not very sensitive to the excitation frequency (Fig 4.14), filling 
pressure (Fig 4.15), nor even the tube diameter (Fig 4.16), in the ranges of rf~7- 
14MHz, P ~  0.4-1.4Pa, and tube diameter of 30-65mm when optimal B0 is used. 
When the rf power is increased from 1.5kW (the threshold for gain) to 3kW, 
the gain increases considerably at first, but afterwards it shows signs of saturat- 
ing(Fig 4.17). The spontaneous emission of the line shows a similar variation but 
with a less well defined saturation. The largest peak gain achieved in the system 
is ~7% when 5kW rf power is fed in.
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F igu re  4 .11: The 488nm spontaneous emission as a function of magnetic field for rf=7MHz 
(*), rf=10MHz (o), and rf=14MHz (A).
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F igu re  4 .12: The 488nm gain as a function of magnetic field for rf=7MHz (*), rf=10MHz
(o), and rf=T4MHz (A).
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Figure 4.13: The optimal B q field as a function of frequency.
Frequency (MHz)
Figure 4.14: The gain as a function of frequency.
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Filling pressure (Pa)
Figure 4.15: The gain as a function of filling pressure.
Tube diameter (mm)
Figure 4.16: The gain as a function of tube diameter.
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RF input power (kW)
Figure 4.17: The spontaneous emission (o) and optical gain (*) as functions of rf input power.
4.2 O ther lines
The peaks in the spontaneous emission of some other Ar+ lines during a pulse 
have been measured to get a rough picture of the emission spectrum. The Ar++ 
351 nm emission under some operation conditions will be compared to the Ar+ 
488nm emission in this section,
The relative intensities of some Ar+ transitions under the standard operation 
condition are listed in Table 4-1 together with their upper and lower states, 
excitation energies for these states, and their transition probabilities (A**).
The spectrum is shown in Fig 4.18. Fig 4.19 shows the Ar++ 351nm emission 
as a function of the rf input power. The 488nm emission is also plotted in Fig 4.19 
for comparison. The results show the Ar++ emission increases quickly for rf
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W av e len g th  (nm ) U p p e r s ta te  (k ) L ow er s ta te  ( i ) E , (eV) E k (eV ) A kt
( 1 0 8 s —1)
In te n s ity  
(a rb  u n it)
347.675 ( 3 P ) 4 d 4 D b/2 (3 P )4 p 4 P 5 / 2 19.22 22.79 1.34 0.191
350.978 ( 3 P ) 4 d 4 D 2 / \ (3 P )4 p 4 P 2 / 1 19.30 22.84 2.5 0.016
351.439 ( 3 P ) 4 d 4D b/2 (3 P )4 p 4 P 3 / 2 19.26 22.79 1.23 0.164
352.000 ( 3 P ) 4 d 4 F b/2 (3 P )4 p 4 D b / 2 19.55 23.07 0.80 0.033
353.532 ( 3 P ) 4 d 4 D b/ 2 (3 P )4 p 4 P 1 / 2 19.30 22.81 0.82 0.038
354.852 ( 3 P ) 4 d *  F 3/2 (3 P )4 p 4 D 3 / 2 19.61 23.10 1 . 1 0.038
355.951 { 3 P ) 4 d 2 F 7 j 2 (3 P )4 p 2 D 5 / 2 19.68 23.16 3.9 0.246
356.103 ( l D ) 4 d ' 2 G 9 / 2 ( l D ) 4 p 2 F 7 / 2 21.14 24.75 4.0 0.148
358.236 ( 3 P ) 4 d 4 F b /2 (3 P )4 p 4 D 3 / 2 19.61 23.07 3.72 0.150
358.845 ( 3 P ) 4 d 4 F 9 /2 (3 P )4 p 4 D 7 / 2 19.49 22.95 3.39 0.141
405.292 ( l S ) 4 p " 2 P 3 / 2 (1 5 )4 s "2 S 1/2 20.74 23.80 1.5 0.006
407.201 ( l D ) 4 p ' 2 D b/2 (1 D )4 s '2 D 5 / 2 18.45 21.50 0 .57 0.149
413.173 ( l D ) 4 d ' 2 P 1/2 (1 D )4 s '2 D 3 /2 18.43 21.43 1.4 0.043
422.816 ( 3 P ) 4 p 2 D b/2 ( 3 P ) 4 s 4P 3 / 2 16.75 19.68 0.13 0.142
426.653 (3 P )4 p 4 D b/ 2 (3 P )4 s 4 P5 / 2 16.64 19.55 0.156 0.214
427.752 ( l D ) 4 p ' 2 P 3/2 ( l D ) 4 s ' 2 D b/2 18.45 21.35 1 . 0 0.076
428.290 (3 P )4 p 4 D y f 2 ( 3 P ) 4 s 4 P 3 / 2 16.75 19.64 0 . 1 2 0 0.073
433.120 (3 P )4 p 4 D 3  j 2 ( 3 P )4 s4 P 3 ^ 2 16.75 19.61 0 .56 0.437
433.203 (3 P )4 p 4 P i / 2 ( 3 P ) 3 d 4 D 3 / 2 16.44 19.30 0 . 2 0 0.146
434.806 (3 P )4 p 4 D 7 / 2 (3 P )4 s4 P5 / 2 16.64 19.49 1.24 2.620
435.220 (3 P )4 p 4 P 1 / 2 ( 3 P ) 3 d 4 D 1/2 16.46 19.30 0.228 0.105
437.133 (3 P )4 p 4 P 3/2 ( 3 P ) 3 d 4 D b/2 16.42 19.26 0.233 0.366
437.595 (3 P )4 p 2 5 1 / 2 (3 P )4 s 2 P 3 / 2 17.14 19.97 0 . 2 0 0 0.047
437.967 ( 3 P ) 4 p 4 D 1/2 (3 P )4 s4 P 1 / 2 16.81 19.64 1.04 0.410
440.010 (3 P )4 p 4 P 3 / 2 ( 3 P ) 3 d 4 D 3 / 2 16.44 19.26 0.164 0.258
440.099 (3 P )4 p 4 P 5 / 2 ( 3 P ) 3 d 4 D 7/ 2 16.41 19.22 0.322 0.474
442.091 (3 P )4 p 4 P 3 / 2 { 3 P ) 3 d 4 D 1/2 16.56 19.26 0.033 0.050
Table.4-1 Spontaneous emission of Ar+ lines.
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W avelength (nm) Upper state (k ) Lower state (t) E, (eV) Efc (eV)
(108s —1)
Intensity 
(arb unit)
442.601 (3P)4p4D 5/2 (3 P )4 s4 P 3 / 2 16.77 19.55 0.83 1.171
443.019 (3P)4p4 D 3/2 (3 P )4 s4 P 1 / 2 16.81 19.61 0.53 0.527
448.181 ( l D ) 4 p 2D b/2 {3P)3d2 D b/2 18.73 21.50 0.494 0.114
454.505 (3P)4p2P 3/2 (3 P )4 s 2 P 3 / 2 17.14 19.87 0.413 0.184
457.935 (3P)4p25 1/2 (3 P )4 s2P i /2 17.27 19.97 0.82 0.186
458.990 (lD )4 p /2F5/2 (1 D )4 s 2 D 3 / 2 18.43 21.13 0.82 0.264
460.956 (lD )4 p '2F 7/2 ( \ D ) 4 s 2 D b/2 18.45 21.14 0.91 0.528
465.789 (3P)4p2P  i /2 (3 P )4 s2P j /2 17.14 19.80 0.81 0.222
472.686 (3P)4p2 D 3/2 (3 P )4 s 2 P 3 / 2 17.14 19.76 0.50 0.227
473.591 (3P)4p4P3/2 (3 P )4 s4 P 5 / 2 16.64 19.26 0.58 0.811
476.486 (3P)4p2P3/2 (3 P )4 s 2 P x / 2 17.26 19.87 0.575 0.227
480.602 (3P)4p4P5/2 (3 P )4 s 2P 3 / 2 16.64 19.22 0.79 1.752
484.782 (3P)4p4P 1/2 (3 P )4 s4 P 3 / 2 16.75 19.30 0.85 0.467
486.592 (3P )5s4 Pb/2 (3P )4p45 3/ 2 19.97 22.51 0.15 0.017
487.986 (3P)4p2D 5/2 (3 P )4 s 2 P 3 / 2 17.14 19.68 0.78 1.000
488.903 (3P)4p2P 1/2 (3 P )4 s 2 P 1 / 2 17.27 19.68 0.159 0.044
493.321 (3P)4p4P3/2 (3 P )4 s 4 P 3 / 2 16.75 19.26 0.143 0.205
496.507 (3P)4p2D 3/2 (3 P )4 s2 P 1/2 17.27 19.76 0.347 0.120
497.216 (3P)4p4P i / 2 (3 P )4 s 4 P ! / 2 16.81 19.30 0.096 0.045
500.933 (3P)4p4P5/ 2 (3 P )4 s 4 P 3 / 2 16.75 19,22 0.147 0.433
506.204 (3P)4p4P3/ 2 (3 P )4 s 4 P ! / 2 16.81 19.26 0.221 0.339
514.179 (3P)4p'2F7/2 (3P)3d2 D b/2 18.73 21.14 0.095 0.096
514.532 (3P)4p4 D b/ 2 (3 P )4 s2 P 3 / 2 17.14 19.54 0.097 0.221
624.313 (3P)4p2D 5/2 (3P )3d4F7/2 17.69 19.68 0.029 0.032
648.308 (3P)4p25 1/2 (3P)3d2 P3 /2 18.06 19.97 0.101 0.014
Table.4-1 Spontaneous emission of Ar+ lines(continued)
powers above 3.5kW suggesting a significant increase in double ionization above 
3.5kW. This could be an explanation of the saturation of both the spontaneous 
emission and the optical gain of the Ar+ 488nm line. The Ar++ 351nm emission
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Wavelength (nm)
Figure 4.18: Ar+ spectrum in Basil-II.
as function of the magnetic field is shown in Fig 4.20, with the resonant B0 range 
centred around 0.095T instead of 0.075T for the Ar+ 488nm emission. A possible 
explanation of this result will be discussed in chapter 7.
4.3 D iscu ss io n  a n d  som e co n c lu s io n s
Since the experimental results show that a gain of ~7% can be obtained, it 
can be concluded that this plasma can surely be used in a new type of argon ion 
laser. In this section the results will be discussed to predict the optimal operating 
conditions for obtaining the best performance of a laser based on this plasma.
From the experimental results, it is clear that the optical behaviour of the
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Figure 4.19: The Ar++ 351nm emission (o) and the Ar+ 488nm emission (*) as a function 
of rf input power.
plasma is sensitive to the longitudinal magnetic field and tha t there is a resonant 
magnetic field range. This B0 range is nearly independent of the tube diameter, 
the argon filling pressure, and the rf input power, but is approximately propor-
3.08 0.10 O.i:
Magnetic field (T)
Figure 4.20: The Ar++ 351nm emission as a function of magnetic field.
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tional to the excitation frequency. When this resonant magnetic field is applied, 
the rf input power seems to be coupled into the plasma mainly near the axis so 
forming a highly peaked emission profile, and both the emission and the gain 
of the 488nm line reach their maximum suggesting a higher coupling efficiency. 
Thus the plasma should be operated within this resonant magnetic field range in 
order to get the best performance in a laser application.
The main effect of the filling pressure is on the time evolution: one can increase 
the effective running time t2 by increasing the filling pressure. However, for filling 
pressure higher than IPa, the gain slowly decreases with pressure and then drops 
significantly above 1.4Pa for the range of rf power available. Thus, the filling 
pressure should be within the range of 0.3-1.3Pa for the best performance of the 
plasma as a laser source, and the optimal filling pressure will depend mainly on 
the required laser output pulse duration within the range. To get the highest 
possible efficiency, the shorter the pulse duration is required, the lower the filling 
pressure should be used. The shortest plasma duration is limited by the shortest 
t \ , which is ~0.2ms, when a pressure ~  0.3Pa is used (Fig 4.8) and one expect 
a pulse duration of 1ms to obtain the best performance. The optimal filling 
pressure for getting high efficiency can be expected to be within the range of 0.5 
- IPa, since in this pressure range the peak gain reaches its maximum.
A threshold power Pth ~1.5kW is required to obtain the gain. This power 
is equivalent to a mean current density of 8A/cm2 in a similar size (R=5mm, 
L=lm) dc-excited Ar+ laser which has a nearly constant voltage drop ~200V 
for a large current range[32]. Compared to the threshold current density j th ~  
400/Z/1//2=40-50Acm-2[32][33] for a dc-excited Ar+ laser, this is a lower starting 
current point. On the other hand, when the rf input power exceeds 3.5kW,
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the trace of gain saturation is obvious, meanwhile an increase in Ar++ emission 
is observed. This suggests a saturation in the laser output since as mentioned 
above the maximum possible output intensity Imax ~  G Isat. And Isat = G huj ■
° Te f f
is normally independent of the input power which changes the pumping rate[29]. 
The results from the dc-excited Ar+ laser showed[34] that the laser output does 
not saturate until a very high current density ~300A/cm2 is reached. For a dc- 
excited Ar+ laser with similar active medium size, 3.5kW corresponds to a current 
density of only ~22A/cm2. Notice that this is one order lower than that for dc- 
excited Ar+ laser and is only half the value of the threshold current density for a dc 
Ar+ laser. This extremely low power for the gain saturation (Psat) is unexpected. 
This behaviour could suggest that the excitation mechanism responsible for the 
population inversion is different from that in a dc-excited Ar+ laser. The fact of 
a rather early gain saturation above 3.5kW suggests the laser should be operated 
at a power level not much higher than 3.5kW for the 488nm transition. This also 
probably means a much lower threshold power for making an ultraviolet Ar++ 
laser, since there is evidence that the saturation in the 488nm gain and emission 
is the result of the increased double ionization rate.
It is concluded that a new Ar+ laser can be made based on this plasma and 
that the laser beam will have a diameter ~  1.2cm. Internal laser mirrors can 
be used to minimize the loss of the system since there are no electrodes and 
the plasma-wall interaction is weak enough to avoid the associated impurities, 
which is the main cause of mirror damage. The laser can be operated under the 
experimental condition range of:
B0: 0.065-0.IT at 7MHz;
B0: 0.011-0.16T at 14MHz;
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P: 0.4-1.2Pa for repetitive running mode with pulse duration l-10ms;
RF power: 3.5 and up; 
Tube diameter: 30-100mm.
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C h a p te r  5
A  n ew  A r+ la se r  b a se d  o n  
B a s il- I I  p la sm a
This chapter describes a novel Ar+ laser based on the Basil-II plasma. Some 
comparisons with the conventional Ar+ laser will also be included in this chapter.
There are at least two points which make this laser different from all of the 
previous argon ion lasers. First, this is the only laser so far which has a discharge 
tube diameter of 45mm, much bigger than that of the previous largest argon ion 
laser system (<16mm), while the laser output beam diameter is only a quarter of 
the tube size. The fact that the laser active medium is isolated from the tube wall 
by a relatively lower density plasma means less plasma-wall interaction, hence less 
problems with tube wall cooling and less impurities from the wall to pollute the 
laser system. Second, this system is based on a very efficient plasma generated 
by the helicon waves, which is excited by a short (80mm) external double loop rf 
antenna, hence all the technical problems associated with the electrodes can be 
completely avoided. Both these points are obvious advantages over other types
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of argon ion lasers.
Section 1 of this chapter describes briefly the construction of the laser. The 
output behaviour for various operating conditions will be presented in section 2. 
Section 3 is a summary.
5.1 C on stru ction  o f th e  laser
The laser is developed from the Basil-II apparatus, the main difference being the 
addition of a pair of internally mounted laser mirrors to form the optical cavity. 
The main point of the design is to minimize possible mirror damage.
As mentioned above, one of the main advantages of a rf plasma as a laser 
source is that it avoids all the problems associated with electrodes. It has also 
been found that the effect of the plasma-wall interaction in this plasma is much 
less important than that in a dc-excited Ar+ laser[35] so that the production of 
impurities from the tube wall, which might be deposited on the mirror surface to 
degrade the mirror quality, is minimized. Therefore, the ion bombardment on the 
mirror surface could be a main source for the possible mirror pollution. The net 
electrical current along the axis should be zero since there are no electrodes to 
form a current circuit in this plasma. The diffusion of ions is then the main process 
for them to reach the mirror surface. A pair of stainless steel baffles is used to 
reduce the flux of ions to the mirrors. These baffles have a 15mm diameter hole in 
the centre which enables the light in the active medium to travel freely along the 
axis. There are also two stainless steel tubes on the mirror mount which absorb 
the ions which escape through the holes of the baffles. It is possible to bias these
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Ion absorber Baffle
Figure 5.1: Construction of the laser cavity.
ion absorbers to obtain better ion collection performance. The mirrors are then 
directly fitted on the end of the plasma without the need of introducing Brewster 
angle windows to separate the mirrors from the plasma. The construction of one 
end of the laser cavity is shown in Fig 5.1. Two sets of mirrors are investigated in 
this study, referred to as mirror set 1 and mirror set 2. Mirror set 1 consists of one 
100% (R>99.8%) reflecting mirror and one 2% transparency output coupler to 
study the laser output behaviour of the 488nm transition. Mirror set 2 consists of 
two 100% (R>99.8%) reflecting laser mirrors to observe the laser action of other 
transitions. These two sets mirrors were used because they were of available. The 
mirrors are so adjusted as to get the maximum power output regardless of the 
mode structure. Table 5-1 lists the specifications of these mirrors.
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(f) (mm) T (%) R (mm) wavelength range
Set 1 mirror a 15 <0.2 400 457-514nm
Set 1 mirror b 15 2 600 488-514nm
Set 2 mirror a 15 <0.2 400 457-514nm
Set 1 mirror b 15 <0.2 oo 457-514nm
Table 5-1. The specifications of the mirror set 1 and mirror set 2. 
Data supplied by Spectra-Physics PTY. LTD.
5.2 O utput prop erties o f th e  laser
The laser is operated in multi- longitudinal modes with the output at 8 transi­
tions in the blue to green region. The output of one of the main laser operation 
transitions, the 488nm line, has been measured for various experimental condi­
tions to find the optimal operating conditions for this laser. The experiments are 
carried out under the operation conditions within the range:
0.050 < B0 < 0.14T;
0.4 < P< 1.5Pa;
1 < P rf <  5kW;
/  -  7MHz;
Tube diameter = 45mm;
Pulse : duration l-10ms, duty cycle 5-50%.
The output of the other lines is measured only as a function of the rf input power 
at fixed filling pressure of 0.9Pa and fixed magnetic field of 0.075T.
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The laser output beam has a waist width ~10mm with a divergent angle 
~  5 x 10-3radians. The diameter of the laser output beam is ~lcm , only about 
a quarter of the tube size. The output has high order transverse modes so that 
the cross section of the output has quite complicated patterns.
The experimental results of the laser output of the 488nm transition and the 
other transitions will be discussed in the following subsections.
5.2 .1  T h e  laser o u tp u t o f  th e  4 8 8 n m  tra n sit io n
Mirror set 1 is used to study the laser output behaviour of the 488nm transition. 
Since there are no windows between the laser medium and the laser mirrors, the 
total loss of the system is approximately equal to that of the mirrors. This is 
~2% for mirror set 1. Hence in this case the small signal gain of any transition 
must exceed 2% per pass to satisfy the laser oscillation condition. It turns out 
that the 488.Onm transition meets the requirement but the 514.5nm transition 
does not. Hence the majority of the laser output in the system using mirror set 
1 belongs to the 488nm transition.
The laser output of the 488.Onm transition as a function of the magnetic field 
(Fig 5.2), for rf power of 3.5kW and P=0.9Pa, is similar to the curve for
optical gain (Fig 4.12) as would be expected. There are also, however, some 
differences. The peak of the laser output is shifted slightly to higher fields and 
the laser output curve is broader than the gain curve. This may be due to the fact 
that the gain measured is only at the centre frequency of the 488nm line, while the 
laser operates with complex high order transverse modes. The threshold magnetic
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Magnetic field (T)
Figure 5.2: Laser output of the 488nm transition as a function of magnetic field.
field is slightly higher than that for the gain since a gain exceeding 2% is required 
to obtain any laser output in this system. Fig 5.3 shows the optimal magnetic 
field as function of input rf power ( / r/=7MHz) for various filling pressure. The 
optimal magnetic field is not sensitive to either input power or filling pressure, and 
has a value of 0.075T for rf power exceeding 2.5kW. A slightly larger B0=0.095T 
is required for rf power input lower than 2 kW. This suggests that there is a 
resonant mechanism responsible for the population inversion in this system.
As a function of the argon filling pressure, the output changes very little 
from its peak over quite a wide range (Fig 5.4), hence providing a reasonable 
pressure range for practical operation. However, in a repetitive running mode, 
for a given pulse duration, there is a requirement of a minimum separation time 
to obtain good output performance. If the separation time is shorter than this 
minimum time, the mode in which the plasma operates changes unpredictably 
from the high mode to low mode, and the laser output will disappear in some
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Figure 5.3: Optimal B q field as a function of magnetic field for P=0.5Pa (A), P=0.7Pa (+), 
P=0.9Pa (o), and P = l.lP a  (*).
of the pulses. Fig 5.5 shows the required minimum pulse separation time (t sep) 
as a function of filling pressure for pulse duration of 5ms, i?o=0.8T and rf power 
of 3kW at 7MHz. It can be concluded from Fig 5.5 tha t the higher the filling
c3 1.0
Filling pressure (Pa)
Figure 5.4: Laser output of the 488nm transition as a function of filling pressure.
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Figure 5.5: Minimum pulse separation as a function of filling pressure.
pressure, the larger the duty cycle could be. This implies that cw (duty cycle 
of 100%) operation could be reached when the filling pressure is high enough. 
When rf power increases, the output increases rapidly up to 3.5kW but has the 
trace of saturation afterwards (Fig 5.6). The highest efficiency, however, is at 
the highest rf input power in the range (Fig 5.7), when the highest laser output 
(0.5W) for the 488nm transition is reached with a pulse duration of 5ms with 
10% duty cycle.
It can thus be concluded that the optimal operating conditions for the best 
performance of this laser at a repetitive long pulse operation mode are B0: 0.065- 
0.100T, P: 0.5-1.2Pa, and the input rf power should exceed 5kW.
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Input power (kW)
F igu re  5.6: Laser output of the 488nm transition as a function of rf input power.
o  0.8
Input power (kW)
F igure  5.7: Efficiency of the laser output as a function of rf input power.
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5 .2 .2  Laser o u tp u t w ith  m irror se t 2
The mirror set 2 is used to study the laser output of all the transitions within 
the green-blue range since the total mirror loss of this set is less than 0.4% and a 
very low gain threshold of only 0.4% is required to observe any laser oscillation.
Laser action at 8 transitions has been found, among them the 514.53nm being 
the strongest although the 488nm transition has the lowest threshold (Fig 5.8). 
The experiments are carried out at J5o=0.075T, filling pressure 0.9Pa, and various 
rf input power at 7MHz. Seven transitions from the eight belong to the 4P-4S 
transitions while the other (514.18nm) belongs to the (lZ))4p/2i7V/2 — (3p)3d2D5/2 
transition. All these 8 transitions are among the typical laser operation transi­
tions for the conventional argon ion laser. Table.5-2 lists the upper and lower 
levels of these 8 transitions together with their excitation energy in eV.
Continuous laser operation has also been obtained by using this mirror set 
but the rf input power used is restricted to below ~1.5kW to avoid the risk 
of overheating the system. All plasma properties, such as the radial profile, 
emission intensity, appear to remain roughly the same as those observed in the 
long pulse operation mode during its quasistationary period. However, a higher 
filling pressure is needed in dc operation mode to keep the plasma steady. Only 
the 488nm transition is found since the other transitions need higher threshold 
power. The behaviour of the continuous running laser is very similar to the pulsed 
one except that a higher pressure of 1.4-1.6Pa is required for continuous operation 
at ~lkW  level.
75
RF Input Power (kW)
Figure 5.8: Laser output of (1) the 514.2nm transition, (2) the 465.8nm transition, (3) the 
457.92nm transition, (4) the 476.5nm transition, (5) the 501.7nm transition, (6) the 496.5nm 
transition, (7) the 488.Onm transition, (8) the 514.5nm transition, as a function of rf input 
power.
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Wavelength of the transtion Lower level Upper level Excitation energy
457.9nm 4 s 2P i /2 4 p 25 'i/2 19.97eV
465.8nm 4 p 2P i / 2 4 p 2S'3/2 19.80eV
476.5nm 4p 2T3/2 4p 25 'i/2 19.87eV
488. Onm 4 p 2T>5/2 4 p 25 3/2 19.68eV
496.5nm ^p 2 D  3/2 4p 2S i/2 19.76eV
501.7nm 4p 4T>3/2 4 p 25’3/2 19.80eV
514.2nm 4 p '2 F j /2 3 d 2 D 5/2 21.14eV
514.5nm 4 p 4T>5/2 4 p 25'3/2 19.54eV
Table 5-2 Upper and lower levels and excitation energy of 
the 8 lasing transitions observed in Basil laser
5.3 S u m m a ry  a n d  d iscu ss io n
A new argon ion laser based on an electrodeless plasma has been developed. 
The laser output is sensitive to the axial magnetic field and the optimal field is 
~0.075-0.100T. The laser can be operated in the pressure range of 0.5-2Pa, but 
the optimal range for pulsed operation is 0.5-1.2Pa. The threshold rf power is 
about lkW for the system using a set of high reflection mirrors (mirror set 2) 
and 2.5kW for the system using a 2% laser coupler. Eight wavelengths within the 
green-blue range have been observed. The strongest two transitions among the 
eight are at 514.53nm and 487.98nm, and the intensity of the former is about 4 
times of that of the latter in a system using mirror set 2 for input rf power of 5kW,
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Bo of 0.75T, and filling pressure of 0.9Pa. The highest laser output at 488nm 
this system has reached is 500mW with an efficiency ~  10-4 when mirror set 1 is 
used. Further increase of both output power and the efficiency is possible if the 
input power is increased. Continuous operation of this laser has been shown to 
be possible but the optimal condition, especially the filling pressure, could differ 
from that found in this study.
This laser has some unique characteristics which have not been observed in 
any other existing argon ion lasers. Table 5-3 compares some of the features of 
the dc Ar+ lasers and this laser.
D ischarge
type
A ctive
m edium
diam eter
T hreshold
current
density
Saturation
current
density
W , n / l
(k W /cm )
Efficiency
(io-4)
dc
laser
sm all tu b e(l-lO m m )  
high current 
density  discharge
l-1 0 m m ~  50 A /c m 2 > 3 5 0 A /c m 2
0.8
for b est  
perform ance
1-10
Basil-II
laser
large (30-60m m ) tube
discharge generated  
by an m = l  helicon
wave
'"'10mm ~ 6 A /c m 2 ~ 3 0 A /c m 2 0.05 1
Table 5-3 Comparison of Basil-II laser with dc excited Ar+ laser
From Table 5-3, one can see this new laser required much lower threshold ‘current 
density’ (effective current density) comparied to a dc-excited Ar+ laser. The fact 
that the power input per unit plasma length of this laser is more than one order 
lower than that for best performance of a dc Ar+ laser suggests the highest input 
rf power used in this study, which is limited by the rf supply, is far from the power 
required for the best performance. On the other hand, the efficiency of this laser 
is about the same as that for a commercial Ar+ laser. Since the efficency of a 
Ar+ laser normally increases rapidly with input power, it is predicted that much
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higher efficiency can be reached for an Ar+ laser based on this plasma by simply 
increasing the input power.
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C h a p te r  6
P la s m a  p a ra m e te r s
The preceding two chapters imply that the mechanism responsible for the laser 
action in Basil-II could be quite different from that in conventional dc argon ion 
lasers. It is necessary then to look into the plasma for a possible explanation. 
This chapter presents the experimental investigation of the plasma parameters 
such as electron density, electron energy distribution function, and the phase 
velocity of the m =l helicon wave.
Section 1 of this chapter describes the experimental results of the electron 
density. Electron density is estimated by a radially moveable single Langmuir 
probe and its absolute value is checked by microwave interferometry. Electron 
energy distribution functions will be discussed in Section 2 of this chapter. An 
unusual beam-like nonthermal tail which can last for ~lm s has been observed. 
Although the beam-like electron tail has been experimentally measured in some 
plasmas with electron beam injection[36]-[39], this is the first time such a norther- 
mal tail is observed in a laborotary plasma without beam injection. In Section 
3 the results of the helicon wave phase velocity measurements will be presented
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Figure 6.1: Electron density evolution measured by a Lanmuir probe (solid line and small 
dots) and microwave interfrometer (o).
and the last section of this chapter will contribute to the discussion of the plasma 
param eters together with some spectroscopic results presented in Chapter 4.
6.1 Electron density
The electron density measurement is carried out over a range similar to that 
used to study the optical properties of the plasma. The applied magnetic field 
ranges from 0.04 to 0.15T, and the filling pressure range of 0.3 to 0.8 Pa has 
been chosen to cover the range in which a reproducible plasma in the mode 
of interest can be produced. The rf power input ranges from 1 to 5kW. Pulse 
durations in the experiments are adjusted to allow the final steady state to appear. 
Fig 6.1 shows the typical tim e evolution of the central electron density for filling 
pressure of 0.9Pa, F?o=0.075T and rf input of 3.5kW, measured by a Langmuir
81
probe. The central density evaluated from the 3 mm microwave interferometer 
measurement is also included in this figure (o). The good agreement between the 
results from two independent diagnostics confirms the reliability of the results 
from Langmuir probe measurement. Henceforth, only the results from Langmuir 
probe measurements will be presented. The density increases quickly and reaches 
its peak in less than 0.2ms, and then reaches its first steady level in T2ms, 
depending mainly on the filling pressure and input power. After 1-10 ms, also 
depending on the filling pressure and input power, the density drops and reaches 
its second steady value. The peak density can reach a value as high as 3-4 times 
that of the second plateau.
To understand the character of the curve, it is convenient to divide it into three 
regions, the head, the first plateau, and the second plateau. Since the density 
profile is highly peaked at the axis (Fig 6.2), it is reasonable to assume that the 
rf power is deposited mainly near the axis of the plasma. Initially, ionization in a 
relatively cold neutral gas environment is the dominant process and the electron 
density on the axis quickly increases to its peak value. The gas is then heated 
near the axis and the neutral density in the region of the axis is rapidly reduced 
to zero due to both ionization and the outward diffusion to the colder part of 
the tube and then to be pumped out. It is no surprise that the electron density 
as a function of the time becomes relatively steady, since the ionization rate will 
eventually be balanced by the charged particles loss rate. From Fig 6.1, one finds 
the density evolution is quite noisy during this period, which implies a strong 
interaction between the helicon waves and the charged particles resulting in some 
kind of instability.
As the background plasma is finally heated up, the density of the neutral
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SRadial position (mm)
Figure 6.2: Electron density profile for L?o=0.075T, P=0.9Pa, Prj  of 3.5kW at 7MHz, and 
for tube diameter of 45mm (o) and 65mm (*).
atoms near the axis zone is reduced to a critical value so tha t the supply of the 
neutral atoms is not enough to support the ionization rate required by a given 
plasm a wave mode. This shortage of neutral atoms on the axis forces the plasma 
wave mode to change, resulting in lower rf-plasma coupling efficiency and hence 
the density drops to a much lower but less noisy steady level. The density at the 
first plateau is of special interest since the peak in optical gain of the 488nm argon 
ion transition is observed at this time. It has also been found tha t the electron 
density for the first plateau is not very sensitive to the tuning of the rf matching 
circuit providing th a t the tuning is not far from the optim al position while slight 
change in tuning will cause serious change in the density at the second plateau. 
Hence attention is paid only to the density of the first plateau. Later, the density 
of the first plateau will be referred to for convenience unless otherwise stated.
The radial profile of the electron density for B0 of 0.075T, P of 0.9Pa, rf input
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Figure 6.3: Time evolution of the FWHM of the electron density.
power of 3.5kW is shown in Fig 6.2, with Curve 1 (o)for tube diam eter of 45mm 
and Curve 2 (*) for tube diam eter of 65mm. From Fig 6.2, it is obvious that 
the plasma has a dense core ~15m m  in diam eter which is nearly independent of 
the tube diameter. This result is consistent with the profile of the spontaneous 
emission as would be expected. The density profile can be roughly described by
n(r) =
where is the half width of half maximum of the profile and R  is the tube radius. 
The volume mean density can then be estim ated as
* - " - ( ^  + 55 + S> (6'2)
The FWHM of the profiles of the density for various experim ental conditions 
are plotted in Fig 6.3 to Fig 6.5. The central electron densities and volume 
averaged density as functions of the filling pressure are shown in Fig 6.6. The 
applied magnetic field and the RF power input for Fig 6.6 are 0.075T and 3.5kW
n«o(l -  r < r k
^( 1 - 5^ )  r > r h
( 6. 1)
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Figure 6.4: FWHM of the electron density density as a function of filling pressure.
respectively. It is found that the central density is nearly independent of the 
filling gas pressure (Fig 6.7) but the mean density is proportional to the filling 
pressure, due to the slightly widened profile.
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Figure 6.5: FWHM of the electron density density as a function of magnetic field.
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Figure 6.6: FWHM of the electron density density as a function of rf input power.
The central and mean densities as functions of longitudinal magnetic field are 
shown in Fig 6.8. The central density increases with the magnetic field for Bo < 
0.1 T, and then slightly decreases to a constant value. Notice th a t when Bo > 
0.12T, the density profile becomes wider (Fig 6.4), i.e. the ‘axis zone’ increases, 
so th a t the mean electron density increases again. The filling pressure and the 
rf power input are fixed at 0.9 pascal and 3.5 kW for Fig 6.7 and Fig 6.8. The 
measured central density is plotted as function of rf input power in Fig 6.9. The 
density increases with the rf input power. There is some indication of saturation 
in density when rf input power is over 2.5kW. This can be explained by the fact 
of nearly 100% ionization near the axis. The slight further increase in the density 
after 3.5kW can be explained by the contribution from doubly ionized ions.
It can be summarized from the above results tha t the electron density as a 
function of tim e has an initial peak and then reaches a relatively steady state  after 
about 2ms. This relatively steady state can last for a few milliseconds, depending
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Figure 6.7: The central (•) and mean (*) electron densities as functions of filling pressure
on the filling pressure and input power, and then suddenly drops to a much lower 
value which lasts until the plasma is turned off. The density is highly peaked 
on the axis at the first plateau but widens at the second plateau. The central 
density at the first plateau is independent of the filling gas pressure within quite 
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Figure 6.8: The central (•) electron densitiy as functions of magnetic field.
0.8
g 0.6
8o
^ 0.4a)
G
0.2
0
87
1.0
0.8
0.6
ao
r - H
w 0.4
•  •
I —L- L- J— L_I _JL_L _ J _ l_
0 1 2 3 4 5
RF input power (kW)
Figure 6.9: The central electron density as a function of rf input power.
a range b u t is approxim ately proportional to  th e  rf inpu t power before satu ration  
occurs. One in teresting results is th a t the  FW H M  of bo th  the  optical emission 
and the  electron density are nearly independent of the  filling pressure, rf power, rf 
frequency and even tube  diam eter. This fact suggests some im portan t physics of 
th is discharge, b u t further investigation is required to  fully understand  its origin. 
B oth the  value of the  central density and th e  FW H M  of its profile are sensitive 
to  the  longitudinal m agnetic field. The m axim um  electron density  on axis of the 
p lasm a in Basil-II is ~ 1 0 2Om -3 .
6.2 E lectron  en ergy  d istr ib u tio n  fu n ction
The experim ents for m easuring the  electron energy d istribu tion  function are car­
ried out by m eans of a negatively biased Langm uir probe under the  following 
conditions:
88
Argon filling pressure : 0.9Pa;
Input rf power : 1.5-5kW, 7MHz; 
Axial magnetic field : 0.04-0.14T.
As mentioned in the chapter 3 of the thesis, an iterative tracing method is 
used in this study to obtain the electron distribution from the measured Langmuir 
probe data.
It is found tha t the measured probe characteristics for various experimental 
conditions can be reasonably fitted by the characteristics calculated from the 
distribution functions with the general form of:
F =  VeV x ( / x + f 2 +  / 3) (6.3)
where f\ is the Maxwellian distribution:
/ 2 , the tail ‘hole burning' function.
/ 2  — S\ x / i x e- s 2 x
e|Vr - V |
_
(6.4)
(6.5)
here 0> S\ > - l ,  and S2 ~20 are parameters which characterise the ‘hole burning’ 
depth and width respectively; and / 3, the distribution of an electron beam:
h  =  rib
7vkTb
( 6 .6)
with Tb — A E bf^  and A Eb, the beam e-1 spread half-width in eV. The pa­
rameters which define the distribution function are determined using an iterative 
tracing method to fit the measured Langmuir probe data for various experimen­
tal conditions. The variation of the electron distribution tail as a function of 
experimental conditions can thus be interpreted from the probe data.
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Table.6-1 lists the all the parameters which define the electron distribution 
for various conditions. The first four columns of the Table give the time from 
rf switch on, axial magnetic field, input rf power, and the radial position of the 
probe while the rest gives the parameters.
Fig 6.10 shows the nonthermal electron tails for various times after the ini­
tiation of the plasma. A Maxwellian distribution is also plotted for comparison. 
The distribution is measured on the axis of the plasma for B0=0.075T, input 
power of 3.5kW. It can be seen that there is a depletion of the tail, compared 
to the Maxwellian distribution, in the the range of 22-32eV. This energy range 
is important for the excitation of the upper levels of the Ar+ visible transitions, 
which have excitation energies in the range 18-22eV. This result can explain the 
unusual big difference between the electron density and the emission evolution, 
as will be discussed in the last section of this chapter.
In the following discussion, we will concentrate our attention on the high 
energy electron beam term (fa), which can be expressed by three parameters, the 
beam energy Eb=eVb, beam e-1 spread Ai?*,, and the normalized beam density 
nb/ne. Fig 6.11 shows these three parameters as a function of time, and this 
is a representation of the main results shown in Fig 6.10. From Fig 6.11 one 
can see more clearly that the beam energy increases while the beam spreads 
and decays in density with time. However, the flux remains relatively constant. 
It is curious that the beam lasts for such a long time (~lm s), as contrasted 
with the knowledge of fast decay of a beam-like distribution due to beam-plasma 
instability. This means that there must be some mechanism which keeps driving 
the beam for as long as 1ms. It has been reported that an electron beam will be
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t(ms) -80(G) P r / ( k W ) r(mm) 81 82 Vr vb A Eb Te nb/ ne (10 4)
0.2 750 3.5 0 0.5 20 22 27 8 5 4.0
0.4 750 3.5 0 0.8 20 25 39 8 5 8.0
0.6 750 3.5 0 0.8 20 25 54 9 5 7.0
0.8 750 3.5 0 0.85 20 30 71.5 12 5 6.8
1.0 750 3.5 0 1 20 30 88 15 5 6.0
1.2 750 3.5 0 5 0
0.6 750 3.5 0 0.8 20 25 60 11 5 7.1
0.6 750 3.5 2 0.7 20 27 50 9 5 5.4
0.6 750 3.5 4 0,4 20 28 45 7 5 3.0
0.6 750 3.5 6 0 40 4 5 1
0.6 750 3.5 7 0 33 4 5 0.4
0.6 750 3.5 9 5 0
0.6 750 3.5 11 5 0
0.6 750 3.5 13.5 5 0
0.6 750 3.5 18.5 4.2 0
0.6 750 1.5 0 5 0
0.6 750 2 0 0.75 20 26 37 9 5 6
0.6 750 2.5 0 0.8 20 26 40 9.5 5 7
0.6 750 3 0 0.8 20 26 47 10 5 8.6
0.6 750 3.5 0 0.80 20 25 54.5 11 5 9.6
0.6 750 4 0 0.85 20 25 56 11.5 5 10.4
0.6 750 4.5 0 0.85 20 25 67 13 5 11.2
0.6 750 5 0 0.85 20 25 79 15 5 12
0.5 500 3.5 0 5 0
0.5 600 3.5 0 0.4 20 24 36.5 5 5 2
0.5 650 3.5 0 0.6 20 24 41.5 6.5 5 4
0.5 700 3.5 0 0.8 20 25 42 7 5 7.5
0.5 750 3.5 0 0.8 20 25 43.5 7 5 9
0.5 800 3.5 0 0.8 20 27 48.5 10 5 8.5
0.5 850 3.5 0 0.8 20 27 48 10 5 8.5
0.5 900 3.5 0 0.8 20 26 50.3 10 5 8.5
0.5 1000 3.5 0 0.8 20 25 47 11 5 7.5
0.5 1100 3.5 0 0.8 20 25 45 11 5 7.5
0.5 1200 3.5 0 0.8 20 25 41.5 10 5 7.0
0.5 1800 3.5 0 0.8 20 25 42 10 5 6.8
0.5 1400 3.5 0 0.7 20 24 40 10 5 6.4
Table.6-1 Parameters of the Electron Energy Distribution Function
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Figure 6.10: The tails of electron distribution for (1) t=0.2ms, (2) t=0.4ms, (3) t=0.6ms, (4) 
t=0.8ms, (5) t=lm s, and (6) a Maxwillian of 5eV.
absorbed by the plasma to form a flattened nonthermal electron tail within a time 
t ~  50 nsec, and the equilibrium tim e for the therm alization of the electron tail 
is typically 3-5 electron-electron collision times[36]. In this plasma, the electron- 
electron collision tim e can be estim ated as tee — 1 / /xee =  2 x 10_9s. This suggests 
the mechanism has to be strong enough to overcome not only the fast decay 
due to the beam-plasma instability but also the therm alization of the tail due to
92
1~ >  0.6
Time (ms)
F ig u re  6.11: Ef, (a, •), AEf, (a, *), and rib (b) as functions of time.
electron-electron collision.
The radial profiles of these three param eters are shown in Fig 6.12. The 
plasma operation condition for Fig 6.11 and Fig 6.12 is the same as tha t for 
Fig 6.10. From Fig 6.12 we can see the beam is restricted radially and is the 
densest with highest energy on axis. For r > 10mm, there is no trace of the 
nontherm al tail and the distribution is Maxwellian with Te ~5eV. As a function
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Radial position (mm)
Figure 6.12: Ef, (a, •), A  El, (a, *), and rib (6) as functions of radial position.
of input rf power (Fig 6.13), all Eb(*), A £ ’b(*), and rib increase after a threshold 
power of 2kW. The distributions for powers lower than this threshold is close 
to Maxwellian with Te ~  3-5eV. The beam param eters also depend on the axial 
magnetic field (Fig 6.14). There is no trace of the nonthermal tail until Ro^O.OöT, 
when the beam  density jum ps. This sudden jum p could imply some resonant 
mechanism. There are peaks in both Eb and rib, but at different field B o=0.09T 
(Fig 6.14a) and ^o^O.OTöT (Fig 6.14b). Note the peak in the beam density
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Figure 6.13: Ef, (a, •), A Eb (a, *), and rib (b) as functions of rf input power.
appears at a magnetic field (0.075T) close to th a t (0.068T) required for the lower 
hybrid resonance condition:
f r f  =  f h
where / r/=7M H z is the excitation radio frequency and // =  ~ ^L ü clujce is the 
lower hybrid frequency. The applied magnetic field for Fig 6.13 is 0.075T and 
the rf power input for Fig 6.14 is 3.5kW. Experiments carried out by using an
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Figure 6.14: Et, (a, •), A E b  (a, *), and nj, (b) as functions of magnetic field.
asym m etric probe suggest tha t the high energy electrons do not have a preferred 
axial direction. This means this distribution does not form a net electron current.
To summarize the results, nontherm al electron distribution tails have been 
observed near the axis of an argon plasma, which is excited by rf at 7MHz by 
an external double loop antenna. The tail of the distribution has a bump at 30- 
80eV and a dip at 20-30eV. The nontherm al tail appears at the beginning of the
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plasma pulse when input rf power exceeds 2kW, axial magnetic field B0 >0.06T. 
It can last for a time of 1ms. The energy of the electron beam is approximately 
proportional to both time and input rf power, while the density of the beam 
decreases with time but increases with input power. There is a peak in the 
beam density at jBo=0.075T, which is close to that required by the lower hybrid 
resonance, and a peak in beam energy at Bq^ O.C^T. The mechanism responsible 
for this nonthermal distribution tail is not yet known.
6.3 P h ase  ve lo c ity  o f  th e  helicon  w ave
The wavelength of the helicon wave is measured by the magnetic probe described 
in Chapter 3. Only the Br component of the wave field is measured to derive 
A, the wavelength of the wave. The phase velocity is then calculated from the 
measured wavelength vph = u:rj /k  = f rj A. It is clear from all the experimental 
results presented above in this thesis that the plasma behaviour is sensitive to 
the longitudinal magnetic field, and there is a range of B0 where some resonance 
could exist. Therefore, the wavelength of the wave is measured at t=0.2ms after 
plasma initiation as a function of longitudinal magnetic field for filling argon 
pressure of 0.9Pa, rf input power of 3.5kW at 7MHz. The phase velocity as a 
function of magnetic field is shown in Fig 6.15, from which one can see that vph 
of the m =l helicon standing wave is again a magnetic field sensitive parameter 
like the other parameters, and has its minimum at B0 ~0.065-0.10, the resonant 
B0 range for the 488nm emission.
To look into the interaction between the m=T helicon wave and the charged
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Figure 6.15: Phase velocity of the m =l helicon wave as a function of magnetic field.
particles, it is convenient to use the phase velocity equivalent energy:
E„h. =
TTlrV:
One finds th a t the energy equivalent to the phase velocity of the helicon wave 
in Basil-11 plasma has a minimum value ~15eV (Fig 6.16) in the optim al B0 
range for the best performance of the laser. This energy is close to the excitation 
energy of the upper level of the 488nm argon ion transition (19.6eV) suggesting 
a selective excitation mechanism for the population inversion of this plasma. A 
possible explanation for this result will be discussed in the next chapter.
6.4 C om parison  o f th e  resu lts
It is now possible to see the plasma with a background of not only the results 
from the plasma param eter measurements but also those from the optical property 
measurements. Fig 6.17 shows the central electron density, the 488nm emission,
98
100
80
> 60
<D
[ i f  40 
20 
0
0 0.05 0.10 0.15
Magnetic field (T)
Figure 6.16: The energy equivalent to the phase velocity of the m =l helicon wave as a 
function of magnetic field.
laser output of the 488nm transition, FWHM of the emission and density radial 
profiles, and the phase velocity equivalent energy of the m = l helicon wave as 
functions of longitudinal magnetic field. It is clear tha t all the param eters are 
sensitive to the B 0 field and most of them  have m aximum or minimum in the 
Bo range of 0.065-0.10T. This strongly suggests tha t there is a magnetic field 
sensitive energy transfer process, which is resonant at Bo ~0.08T. Although the 
optimal m agnetic field for the electron beam is very close to th a t for the laser 
action (Fig. 6-14), we believe this abnormal electron energy distribution is not, 
or at least not directly, responsible for the population inversion in this discharge, 
since significant optical gain is observed only when the electron beam has nearly 
disappeared (Fig. 6-18). This is supported by the fact tha t there is no obvious 
difference between the laser action for the long pulse operating mode and that 
for the dc operating mode.
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Figure 6.17: Electron density (a, in unit of 102Om-3), spontaneous emission of the 488nm 
transition (b, arb unit), laser output of the 488nm transition (c, arb unit), FWHM of density 
(d, dotted line) and emission (d, solid line) profiles, and the energy equivalent to the phase 
velocity as functions of magnetic field.
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F ig u re  6 .18: Tim e evolutions of (1) electron density, (2) spontaneous emission, and (3) optical 
gain
The tim e evolution of electron density (smoothed), spontaneous emission and 
stim ulated emission of the Ar+ 488nm transition are plotted together in Fig 6.18.
It is curious to find tha t the m axim a of the emissions do not correspond to 
the maximum of the density as normally expected. The emission intensity is 
very low and the electron density has a maximum in the first 1ms of the plasma 
pulse and the peak(first l-2ms) of the density FWHM evolution (Fig 6.3) is not 
consistent with tha t of the emission FWHM evolution although the rest of the 
curve does. This can be explained as a result of a low excitation rate due to 
the lack of electrons in the 22-32eV range and a relatively higher ionization rate 
due to the bump in the energy range of 30-80eV. The unusually sharp peak 
in the emission at t~0.2m s can be explained by the distribution at t=0.2m s, 
which has relatively more electrons in the range of 22-32eV. The integral of the 
electron energy distribution function over 22-32eV, which is normalized by an
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Figure 6.19: The integral of the electron distribution tail over 22-32eV, which has been 
normalized to that of a Maxwellian of 5eV, as a function of time.
integral of Maxwellian of 5eV, as a function of tim e is shown in Fig 6.19. The 
energy distribution can not be measured accurately after t=1.0m s due to the large 
oscillation in density, which could be a sign of strong energy transfer between the 
m = l helicon wave and the charged particles in the discharge. However, the fact 
that a higher emission intensity occurs a t a lower electron density when 2ms 
> t > 6ms implies tha t the integral of the electron energy distribution function 
over the range of interest at th a t tim e might well be more than maxwellian. This is 
also supported by the results from the helicon wave phase velocity measurement, 
which suggests a selective excitation mechanism. A possible explanation of this 
feature will be discussed in the next chapter.
4—I— L ■ i  I I I I I I I I I i
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C h a p te r  7
P o ss ib le  e x p la n a tio n  o f  th e  
p o p u la t io n  in v e rs io n
A possible theoretical explanation of the population inversion mechanism is inves­
tigated in this chapter. Section 1 derieves the helicon wave dispersion relation in a 
uniform cold plasma with cylindrical symmetry. Section 2 presents the theoretical 
calculation of m =l helicon wave phase velocity as a function of magnetic field and 
compares it with the experimental results. The last section discusses the Landau 
damping of the m =l helicon wave and shows it as a reasonable explanation for 
the population inversion mechanism in this plasma.
7.1 D isp ersion  rela tion
The dispersion relation is given in this section where the analysis of Chen[40] is 
followed.
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For a cold uniform collisionless plasma, the Helicon waves satisfy the equa­
tions:
(7.1)
v  x B  = Poj- (7.2)
E  = j  x B / e n e. (7.3)
If the perturbations have the form of el(m0+kz~wt) ^  Qne has:
V 2B  + 0, (7.4)
where
_  u> enone
Q - b )( Bo
(7.5)
The components of Eq.7.4 in cylindrical geometry are:
2 2 8 Be B r 2 D n
V B ' r2 89 r 2 + o ^  =  0; (7.6)
T7l P> ~ Be 2 d a.
9 r2 89 r 2 +  9 ~  ° ’
(7.7)
V 2 B 2 +  2 = 0 , (7.8)
where
2 i d , d  N i a 2 a 2 V 2 =  (r ) +  +
r  <9r 2 r 2 <9# 2 dz2
Fourier analysing in 6 and z, one obtains
» 1 < . 9 o m 2 +  l x„ x ,2 m „
B r -f B  +  ( a  A: )^r )  * Be — 0,
rjrt Z  fjr* Z
(7.9)
1 , 9 , 9  m 2 +  l x„ x .2 m _
^  "1" (a  & ^2  ) ^ < 0  1 r 2 ~ (7.10)
_// 1 . o , o m 2 . _ .
^ + - ^ 2 +  (a  =  °* (7.11)
Define a new variable p such that
p2 = (a2 — k2)r2
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Eqs.7.9-7.11 can then be written as
2 tit,
L m 2 + l { B r ' )  ? V~ B ß  —  0,
P
(7.12)
2in
Lm2-\-l(B$}  ^ Ö~Br
P
(7.13)
L m 2 { B z )  =  0; (7.14)
where L m 2 =  — ^ - ) i s  the Bessel operator. Introducing left-handed
and right-handed circularly polarized components
l B r -f- iBo 
_  
y/2
ß R  _  B r — iBe
V2
one has
L ( m - \ ) 2 B R  =  0; (7.15)
L(m+\)2B L =  0; (7.16)
L mi B z =  0 . (7.17)
The solution for Eqs.7.15-7.17 can be w ritten in terms of left-handed and right- 
handed circularly polarized components B R, E R, B L, and E L:
B r = A(a  +  k)Jm_i(Tr)  =  - * ( l ) £ ß
to
(7.18)
B l = A (a  -  k )Jm+1(Tr) = i ( - ) E L
i0
(7.19)
B z = - i \ / 2 A T  Jm(Tr),  E z — 0. (7.20)
Here Jm is a Bessel function of the first kind and T  is the transverse wave number 
defined by:
T 2 =  a 2 -  k2. (7.21)
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F igu re 7.1: Dispersion of the m = l helicon wave for plasma radius of (curve 1) 1mm, (curve 
2) 3mm, (curve 3) 5mm, (curve 4) 7mm, (curve 5) 9mm, (curve 6) 11mm, (curve 7) 13mm, and 
(curve 8) 15mm.
Both insulating and conducting boundary conditions at r  =  R ( R  is plasma radius) 
lead to the following[41]:
m a J m( T R ) - \ - k T R J rn(T R)  = 0, (7.22)
where (') is the derivative of J m with respect to its argument. The dispersion 
relation is determined by Eqs.7.5, 7.21 and 7.22. The above equations are valid 
when toci <C tu <C tuce[42]. Eq.7.22 can be solved by iteration for the m = l wave. 
Fig 7.1 shows the dispersion for m = l helicon wave for various plasma radii and 
the longitudinal wave number k is plotted as a function of the ratio of ne/ B 0 with 
n e in unit of 102Om -3 and Bo in unit of Tesla. Notice tha t the product of the 
plasm a radius and the transverse wave num ber T R  is a weak function of n e/ B 0 
and has a value ~  3.82 for R  < 15mm (Fig 7.2). One finds that the condition of 
k <C T  can be satisfied in the case of Basil-II plasma which has a typical ratio of
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n e/ B 0 ~  10 with density profile FWTIM ~  7mm. This condition will be used in
the later section to derive the damping length.
Figure 7.2: T R  as a function of n e/ B q for plasma radius of (curve 1) 1mm, (curve 2) 3mm, 
(curve 3) 5mm, (curve 4) 7mm, (curve 5) 9mm, (curve 6) 11mm, (curve 7) 13mm, and (curve 
8) 15mm.
7 .2  T h e  m —1 h e lic o n  w a v e  p h a se  v e lo c ity
As can be seen from the previous chapter the radial profiles of both the electron 
density and the stim ulated emission of A r+ depend little on the tube diameter 
(Fig 4.5 and Fig 6.2), hence the plasm a is not much affected by the tube wall 
within the tube diam eter range of 30-65mm. Since the most im portant part of 
this plasma for laser application is the dense plasma core which can be considered 
as being a uniform cold plasma, it is possible to apply Eqs.7.5, 7.21, and 7.22 to
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calculate the m=T helicon wave phase velocity.
The calculation is carried out under the assumption that an m =l Helicon wave 
propagates in a column of a diameter equal to the measured FWHM of electron 
density, with a uniform density equal to the measured volume averaged density 
within the column. The calculated results are listed in Table.7-1 together with 
the experimentally measured data used in the calculation. The second column of 
the table lists the measured volume averaged density within a column diameter 
defined by the measured FWHM of the radial density profile (the third column), 
for filling pressure of 0.9Pa, rf input power of 4.0kW at 7MHz. The fourth and 
the fifth columns are the measured and calculated phase velocity v*h and vph 
respectively. The phase velocity is calculated using the data listed in the column 
1, 2 and 3 of the table.
Bo (T) n (1019m-3 ) FWHM (mm) v;h (106m/S) vph (106m/S)
0.02 0.683 27 4.12
0.03 0.956 26 5.03 4.58
0.04 2.322 25 2.63
0.05 3.005 24 3.75 2.64
0.06 4.226 18 3.15 3.00
0.07 5.600 15 2.21 3.17
0.08 6.280 15 2.26 3.23
0.09 6.800 15 3.35
0.10 6.800 16 2.62 3.49
0.11 4.808 16.4 5.26
0.12 5.400 17 3.22 4.93
0.13 5.736 18.4 4.68
0.14 5.400 20 2.93 4.89
0.15 5.400 20.1 3.25 4.98
Table 7-1. Phase velocity of the m = l helicon wave in Basil-II
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Figure 7.3: Phase velocity of the m =l helicon wave as a function of magnetic field.
The calculated phase velocity is plotted in Fig 7.3 (solid line) together with 
tha t from the experimental measurements (o). Given the simplicity of the model, 
the results agree quite well with the experim ental data  in both the form and 
magnitude and hence confirm the reliability of the experimental measurements. 
It can be seen tha t the energy equivalent to the phase velocity has a minimum 
of ~  15 eV when the 488 nm laser output power (Fig 5.2) has its maximum. 
This energy is close to the upper-level energy of the 488 nm line transition (19.7 
eV), implying tha t electrons are resonantly accelerated by the wave to the wave 
velocity and so cause the selected excitation of the upper-level 488 nm transition.
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7.3 C o llis io n a l d a m p in g  a n d  L a n d a u  d a m p in g
o f  th e  m = l  H e lico n  w ave
A possible explanation of the population inversion mechanism is Landau damping 
of the m =l Helicon wave.
The collisional and Landau damping in a plasma with cylindrical symmetry 
has been studied by Chen[43], whose analysis is followed below.
The dispersion relation (Eqs.7.21, 7.5, and 7.22) is derived under the assump­
tion of a perfect conductive (zero resistivity) plasma. However, there always is 
a finite resistivity in a real plasma, hence there can be a non-zero electric field 
component parallel to B0 which can interact directly with the electrons and dis­
tort the distribution function. Let rj be the finite resistivity, Eq.7.3 then should 
be rewritten as
E = rjj +
j x B
ene (7.23)
One can then obtain:
B  =  - V  x B + i — V2B. (7.24)
a  LOfio
To represent a spatially damped wave, lj should be real, so that the wave vector 
k hence a has to be complex to satisfy Eq.7.24. In a low pressure plasma like 
Basil-II, the resistivity j] is small (nearly collisionless), so that the last term V2B 
can be approximated by the rj=0 value, —a0B  with a 0 defined by
Eq.7.24 then becomes
_  to efi0 ne
(1 + i —  )aB  V x 
u>Ho
(7.25)
(7.26)
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Taking curl of Eq.7.26, one obtain
V 2B  + a 2(l  + i ^ ) 2B  = 0.
( j J f l Q
(7.27)
Comparing with Eq.7.22, one can write the dispersion relation directly by simply
replacing a with a (l -f z ^ ) :
2
ma{ 1 + i— ^-)Jm + = 0,
Notice that the transverse wave number is now defined by
T 2 =  a 2(l  +  i ^ ) 2 -  k2 
ujßo
(7.28)
(7.29)
Let T  be real to represent only longitudinal damping, k can be expressed as [44]
(7.30)
1 B  0 LOfio
As mentioned in the previous section, for the case of Basil-II plasma the condition 
of k <C T  is satisfied so that one can write T  ~  ao, and k can then be written as:
* - " ( » ( !  +  i M ) .
ao B q ufi  o
The collision length can thus be estimated as
j  1
1 j  r  —
(7.31)
(7.32)
Im(A:) a 0i/ei ’
where ve{ is the electron-ion collision frequency given by vei — z^ r / .  The collision 
excitation mean free path can then be roughly estimated by
eV*
Ac ~  exp (--- j r ) L c
where eV* is the excitation energy and Te is in unit of eV.
(7.33)
It has been shown that the collisionless damping (Laudau damping) effect can 
be expressed by an effective resistivity [43]
V e f f  = -C2z'(0 (7.34)
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Figure 7.4: Landau damping Iengi ction of magnetic field.
where £ = and Z' is the derivative of the plasma dispersion function. The 
Landau damping length (Lld) can then be estimated by replacing rj with 7]ef f  in 
Eq.7.32. This will lead to
L ld =
X 2
(7.35)
u a l  2 /^irC3'
Eqs.7.33 and 7.35 can be used to estimate the effect of Landau damping in
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F igu re 7.5: Collision excitation mean free path in Basil-II as a function of magnetic field.
Basil-II plasma. Using the experimentally measured data listed in Table.7-1 and 
Te ~4.3eV, one finds that the Landau damping length (Lld) is sensitive to the 
longitudinal magnetic field (Fig 7.4) and has a minimum ~0.3m when B0 is in the 
range of 0.07-0.08T, the optimal B0 for the laser operation. On the other hand, 
the collision length is not that strongly linked with the B0 field and an estimate 
of mean free path for collision excitation yields several meters (Fig 7.5). This 
means, under some conditions, Landau damping could play an important role in 
energy transferring and provide an efficient means for transfer energy to the elec­
trons with energies close to that required for upper state excitation of the laser 
transition, which subsequently suffers inelastic collisions in the column, hence 
it suggests Landau damping could be the main mechanism for the population 
inversion in this plasma.
To obtain population inversion in a gas-ion laser system, high energy gaps 
of the ionization of the working gas and the excitation of the upper state of
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the laser transition must be overcome. This ,in turn, results in the very high 
threshold electron current density (hence threshold power) requirement in a dc- 
excited system to obtain sufficient excitation of the upper states of the laser 
transitions. The selective excitation method based on Landau damping of m =l 
helicon wave is then especially important for these lasers, since it offers a direct 
path to transfer energy to those electrons which are responsible for the ionization 
or the excitation of the upper level of the laser transition. The total energy 
required by the system using such an excitation mechanism can be expected to 
be significantly reduced so that the efficiency of the system would increase. This 
is somewhat confirmed by the already-observed much lower power threshold for 
the Basil-II laser.
This new population inversion mechanism can be applied to the argon ion 
laser system and possibly also to the other ion lasers.
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C h a p te r  8
S u m m a ry  a n d  co n c lu s io n
This chapter gives a summary and some conclusions of the thesis.
The optical properties of the plasma are experimentally measured and it is 
found that enough optical gain (> 3% single pass) of the Ar+ 488nm line for 
the plasma operating as a laser source can be obtained under the experimental 
condition of:
0.4Pa < P < 1.4Pa;
0.06T < B0 < 0.12T for RF at 7MHz;
0.12T < Bq < 0.16T for RF at 14MHz;
RF Power > 1.5kW.
The features of the new Ar+ laser based on the Basil-II plasma are investigated 
and nine of the ten popular laser transitions within green to blue range, which 
have been found in the dc-excited Ar+ laser, have been observed in the new 
developed Basil laser. The efficiency of this new system is similar, at this stage, 
to that of the dc-excited Ar+ laser, which has been fully developed after more 
than 25 years research. The low threshold power requirement for this new system,
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however, suggests that a higher efficiency could be expected by running the system 
at a higher power level.
The plasma parameters in the Basil-II plasma are measured in this study. The 
electron density of this plasma is ~  102Om-3. The electron energy distribution 
is found to be non-Maxwellian during the first 1ms after the plasma initiation.
A beam-like electron tail is observed in the energy range of 30-80eV. The dura­
tion (1ms) of this distribution suggests a driving mechanism which is sufficiently 
strong to overcome the scatefling of the beam due to the expected beam-plasma 
instability.
The possible population inversion machenism is studied and it is found that 
Landau damping of m =l helicon wave can offer a direct energy transfer path 
which in turn derives the selective excitation of the laser transition upper level.
It can be concluded from this study that enough population inversion for laser 
operation can be obtained in an electrodeless argon plasma generated by rf excited 
m=T helicon wave, and the Landau damping of the m =l helicon wave can play 
an important role in the formation of the population inversion. The laser system 
based on such a mechanism can remove problems associated with the electrodes 
and has lower power threshold than that of any common dc-excited Ar+ laser, 
which implies a possible higher efficiency of the system. This new mechanism 
offers a new path for the further development of gas-ion lasers.
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